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Summary
Nanobodies are small, monomeric antibody mimetic proteins produced by mem-
bers of the camelid family (camels and llamas), that can be engineered by fusion to
proteins carrying a specific function. These “functionalized” protein binders emerge as
novel tools for protein manipulation in vivo. During my PhD studies I have generated
scaffold-bound nanobodies (SBNs) specific to EGFP in order to interfere with gradient
formation of a EGFP-tagged version of the Decapentaplegic (EGFP::Dpp) morpho-
gen. Morphogens are secreted signaling molecules forming concentration gradients
and controlling organ patterning and growth during animal development. Drosophila
Decapentaplegic (Dpp) is one of the best studied morphogens, but it remains unclear
how its concentration gradient is established and how it and controls patterning and
growth of the Drosophila wing imaginal disc. In this PhD Thesis I summarize the
development and characterization of SBNs and their applications in studying the fo-
mation and function of the Decapentaplegic morphogen gradient in the Drosophila
melanogaster wing imaginal disc.
In the first part of this Thesis, I will discuss how SBNs allowed us to investigate
the importance of the Dpp gradient on proliferation and growth control of the wing
imaginal disc. Using morphotrap, a SBN that localizes to the outer cell surface, we
could completely block gradient formation and study the effect of a loss of the Dpp
gradient on patterning and growth. We find that induction of Dpp target genes, and
hence patterning, directly depends on the spreading of Dpp. Furthermore, we show
that the Dpp gradient is crucial for growth and size control of the medial wing disc
region. Moreover, we find that the Dpp gradient is not necessary for proliferation
and size control of the lateral region of the wing disc. This data challenges previously
published growth models, in which growth control solely depends on the signaling
dynamics of Dpp.
In the second part of this Thesis I investigate the mechanism of Dpp gradient
formation in the wing disc. The wing disc is a complex three-dimensional structure,
consisting of two contiguous epithelial layers. How the long-range Dpp gradient is
established in the wing disc remains controversial. I have created different SBNs
that localize to specific subcellular regions along the apicobasal axis. These SBNs
allow us to reduce or block the dispersal of specific gradient subfractions and assess
their contribution to wing development. We find that EGFP::Dpp disperses along
three main routes: within the epithelial plane of the wing disc, in the luminal cavity
between the two epithelial layers and along the basal lamina. Preliminary results
suggest that these subfractions encode for different functions of Dpp. While we find
that the patterning function of Dpp is encoded by the basolateral subfractions, the
growth function of Dpp seems to be influenced by all three subfraction. Further
experiments will investigate how target cells perceive and integrate Dpp input from
these different subfractions.
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1 General Introduction
How a single fertilized cell develops into a complex, multicellular organism has been
an outstanding and fascinating question for generations of developmental biologists.
Two key processes that need tight control during development are cell proliferation
and cell differentiation. More than 100 years ago, experiments performed by the
German biologist Hans Driesch provided evidence that these two key processes are
interlinked and controlled at the level of the whole organism. When Driesch separated
the two blastomeres of a sea urchin embryo at the two cell stage, the separated
blastomeres were able to self-regulate and gave rise to two complete, yet half-sized,
blastulae [1, 2]. Similar experiments were performed by Hans Spemann, subdividing
the cleaving salamander egg into two halves, resulted in two well shaped tadpoles
[3]. These results suggested that cells contain the capacity to develop potentially
independent (self-regulation) but that cells function together as a collective to give
rise to the whole organism.
In the 1920s, in the lab of later Nobel laureate Hans Spemann, Hilde Mangold
performed grafting experiments in the salamander that were instrumental for under-
standing the concept of self-regulation and what might control and orchestrate the
cells of a developing embryo. Mangold grafted the dorsal-lip of a strongly pigmented
salamander embryo to the ventral side of a low pigmented embryo. Strikingly, the
dorsal-lip graft was able to change the cell fate of neighbouring host cells such that a
Siamese twin was formed [4]. The grafted region, the dorsal-lip, became known as the
Spemann’s organizer and provided the basis for the present view that animal devel-
opment depends on cell-cell induction, where groups of cells (so called “organizers”)
induce the differentiation of their neighbours [2][5]. What factors might emerge from
such organizing centres and instruct surrounding cells remained unclear.
In 1952, Alan Turing provided the theoretical framework that secreted substances,
which he termed morphogens (“form producers”), could instruct the self-organization
of spatial patterns [6]. Starting from a homogeneous distribution, two morphogens
with slightly different diffusion properties can create spatial patterns by a so called
reaction-diffusion system. Turing’s reaction-diffusion formalism gained increasing in-
terest and was used as a model for various animal pigmentation patterns, such as the
pattern of the leopard [7, 8, 9] or more recently the pattern of the zebra fish [10, 11]
and also for modelling digit patterning in the developing limb [12]. While Turing
suggested a mechanism by which uniform production (in all cells) of the morphogen
can lead to spacial patterns, the idea of morphogens released from localized sources
(organizing-centres à la Spemann organizer) was still developing.
In 1938, Albert Dalcq and Jean Pasteels introduced the concept of thresholds in
morphogenesis, suggesting that a certain cellular response requires signalling input
above a certain level or “threshold” [13, 14]. Based on the idea that a cellular response
can be induced above a defined threshold and not below, Lewis Wolpert formulated the
French flag model of morphogen-controlled positional information in 1969 [15, 16]. He
suggested that a morphogen secreted from localized source cells can instruct cell fate
and positional information in the surrounding target tissue, called the “morphogenic
1
Figure 1: Morphogens pattern tissues in a concentration-dependent manner
From the producing cells (left), the morphogen (green) forms a concentration gradient into
the adjacent target tissue. Cells in the target tissue can sense the morphogen levels and
adopt distinct cell fates in a threshold response. With increasing distance to the source cells,
morphogen levels are decreasing. According to Wolpert’s French flag analogy, cells sensing
high morphogen levels (above a certain “threshold”) adopt a blue fate, while cells sensing
medium morphogen levels adopt a white and cells sensing low morphogen levels adopt a red
fate. Figure adapted from [14].
field”. According to Wolpert’s French flag model, morphogen are secreted from a
group of source cells and form concentration gradients into the adjacent target tissue.
Cells in the target tissue sense the morphogen concentration and activate target genes
above distinct concentration thresholds, such that different distances to the source
cells result in distinct target gene expression profiles, and hence spatial patterned
gene expression (Fig.1). Hence, the non-uniform distribution of a single molecular
species can specify several distinct cell fates and thereby pattern tissues in a series of
structures aligned in a given order.
At the time Wolpert published the French flag model, the morphogen concept was
purely conceptual, no molecules have been described that fulfil the requirements of a
true morphogen. Despite this lack of proof of existence, mathematical models were
developed to explain how diffusible molecules could form stable gradients [17, 7]. In
1970, a “source-sink” model was suggested by Francis Crick [18]. Crick proposed that
cells at the distal edge of the target tissue act as a “morphogen sink”. Morphogen
diffusion and destruction by “sink” cells a the edge of the morphogenetic field theor-
etically result in the formation of stable, steady state concentration gradients, with
maximum morphogen concentrations close to the source and lowest concentrations
near the distal sink. Despite this theoretical advances, it took another two decades
before the discovery and characterization of the first morphogen Bicoid in Drosophila.
1.1 Morphogen gradients in development
The discovery of the distribution and function of Drosophila Bicoid provided the first
connection between a protein gradient and pattern formation. Bicoid is a transcrip-
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tion factor, expressed in the anterior region of the early syncytial blastoderm during
Drosophila embryogenesis. At this stage of development, nuclei divide without separ-
ating the cells by a membrane, such that diffusible substances can freely disperse in
the cytoplasm between nuclei within the syncytial blastoderm. Bicoid was found to
form an anterior to posterior concentration gradient [19] that is required for definition
of positional information and development of the anterior parts of the embryo [20, 21].
However, the molecular nature (transcription factor) and the environment of Bicoid
gradient formation (syncytium) is clearly distinct from most other morphogens which
act as secreted ligands in a cellularized environment.
The first extracellular morphogens discovered belonged to the transforming growth
factor β (TGF-β) family. Drosophila Decapentaplegic (Dpp), which I will discussed in
detail later, is involved in the patterning of several developing tissues, including dorsal-
ventral axis formation in the embryo and in wing disc development [22, 23, 24, 25].
Besides the members of the TGF-β family, several other signalling factor families hold
members acting as morphogens during development; most prominent examples are
members of the Hedgehog, Wingless-related integration site (Wnt), Epidemal growth
factor (EGF) and Fibroblast growth factor (FGF) families [26, 27, 28]. The concept
of morphogen gradients in development has been studied extensively and morphogens
have been shown to act in several developmental processes and species. For example,
members of the Nodal family of TGF-β ligands are involved in patterning of the
deuterostome sea urchin embryo [29] and in patterning of the germ layers in Xenopus
and vertebrate embryogenesis [30, 31, 26, 32]. Other intensely studied processes are
the patterning of the vertebrate limb [33, 34, 35] and the vertebrate neural tube
[36, 37] by Sonic hedgehog and members of the BMP and Wnt family. It seems
that the simple theme of morphogen gradient mediated patterning is universal and
reappears in the development of most multicellular organisms. In addition to the
instruction of position and pattern, morphogen gradients have been implicated in
regenerative processes [38] and the control of organ growth and size, as I will discuss
below, using the example of the TGF-β family member Dpp in the Drosophila wing
imaginal disc.
1.2 The TGF-β signalling pathway
The TGF-β superfamily of secreted signalling factors comprises of at least 30 members
in mammals, of which many have been identified in frogs, fish and flies. The TGF-
β superfamily can be subdivided into two functional and structural related groups:
the TGF-β, Activin and Nodal families together with some members of the Growth
and Differentiation Factors (GDFs) form the TGF-β-like group; while the group of
Bone Morphogenetic Proteins (BMPs) includes the BMPs, Anti-Müllerian Hormone
and most GDFs [39, 40]. Members of the TGF-β superfamily play roles in a wide
variety of developmental processes, as well as throughout animal lifetime. Key pro-
cesses regulated by TGF-β superfamily members include the control of self-renewal
in embryonic stem cells [41] and the regulation of gastrulation, differentiation and or-
gan morphogenesis. Due to their wide spread action, alteration of TGF-β signalling is
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Figure 2: Components of the TGF-β core pathway
left, middle left, Binding of TGF-β dimeric ligands (green) to their type-I (orange) and
type-II (brown) receptors results in the formation of a tetrameric active receptor complex.
Upon receptor complex formation, type-II receptors phosphorylate and thereby activate the
type-I receptors kinase domain. R-Smads (red) phosphorylation by the type-I receptor results
in heteromeric complex formation between two R-Smads and one Co-Smad, and subsequent
relocalization of this complex to the nucleus. The Smad complex co-operates with other
DNA-binding proteins and recruit co-activators (nt shown) or co-repressors (red octagon)
to either activate or repress target genes. The inhibitors Smads (purple) act as a negative
feedback loop, inhibiting type-I receptor kinase activity upon high signalling conditions.
middle right, right, TGF-β pathway components in Drosophila melanogaster and Homo
sapiens. Figure adapted from [39].
linked to several human diseases, including cancer [42, 43, 44], cardiovascular diseases,
connective tissue diseases as well as skeletal and muscular disorders [42].
TGF-β superfamily ligands are synthesized as precursor proteins, consisting of
a large amino-terminal pro-domain that is required for proper folding of the highly
conserved carboxy-terminal region which codes for the mature ligand [45]. Ligands
become activated by cleavage of the precursor protein, and form homo- and hetero-
dimers which are secreted into the extracellular space. A conserved feature of the
TGF-β superfamily ligand is a protein structure termed the cystine knot. The cystine
knot structure provides stability and is formed by three disulphide bridges between six
highly conserved cysteines. Dimerization of two monomers is mediated by a covalent
disulphide bond formed between two conserved cysteine residues [46].
The core components of the TGF-β signalling pathway show a high level of conser-
vation between diverse species from worms to flies and humans. TGF-β signalling is
transmitted through heteromeric receptor complexes formed by the type-I and type-
II serine/threonine kinase receptors. In general, binding of the dimeric ligands to
its type-I and type-II receptors results in the formation of the active receptor com-
plex. In the active receptor complex the type-II receptor, which is constitutively
active, phosphorylates the type-I receptor at a GlySer (GS) domain located upstream
of the kinase domain, which results in activation of the type-I receptors kinase do-
main. The active type-I receptor phosphorylates the receptor-Smad (r-Smad) on two
C-terminal serine residues located within a (S)SXS motive. Phosphorylated r-Smad
forms a heteromeric complex together with the Common-mediator Smad (Co-Smad)
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and subsequently accumulates in the nucleus. Nuclear Smad complexes interact with
other DNA-binding proteins and recruit co-repressors or co-activators to regulate the
levels of target gene expression (Fig.2 left and middle-left). Inhibitory-Smads (I-
Smads) are transcriptionally induced by TGF-β signalling and act as inhibitors of the
pathway. I-Smads can bind to the type-I receptor but lack the C-terminal (S)SXS
phosphorylation site, hence act as inducible negative modulators.
While there is a large number of TGF-β super family ligands in humans, this
number is more manageable in Drosophila melanogaster, where 7 ligands have been
described so far (Fig.2 middle-right and right). Three of them, Decapentaplegic (Dpp)
[47], Glas bottom boat (Gbb) [48] and Screw (Scw) [49], belong to the BMP family.
While dActivin and Dawdle (Daw) belong to the TGF-β-like family, Maverick (Mav)
and Myoglianin (Myo) have not been assigned a family yet.
The Drosophila BMP family members are well studied and known to act as extra-
cellular morphogens during fly development. Dpp is the fly homologue of vertebrate
BMP2/4, while Gbb and Scw are homologues of the BMP5/6/7/8 subfamily. Dpp
has been shown to signal preferentially trough the type-I receptor Thickveins (Tkv)
[50], while Gbb preferentially binds to Saxophone (Sax) [51]. Upon Dpp binding, the
type-II receptor Punt (Put) [52] can interact with Tkv and activate its kinase domain
by phosphorylation. Hereupon, the Drosophila R-Smad Mothers against dpp (Mad)
[24] is phosphorylated by Tkv. Two phosphorylated Mad (p-Mad) proteins form a
trimeric complex together with the Drosophila Co-Smad Medea, and this complex
then translocates to the nucleus to regulate gene expression. Upon Dpp signalling,
expression of the I-Smad Daughters against dpp (Dad) [53, 24] is upregulated; Dad
acts as an antagonist of the pathway, reducing Dpp signalling input by competing
with Mad for receptor binding and thereby inhibiting its phosphorylation.
1.3 The Drosophila wing disc as a model system to study
morphogen function
1.3.1 Early wing disc development
A prime model system to study the function of morphogen gradients in patterning
and growth control is the Drosophila wing imaginal disc, the larval precursor of the fly
wing. The 15 imaginal discs of Drosophila form the adult appendages and the majority
of the fly epidermis of the head and thoracic segments; in contrast, the abdominal
segments are formed from clusters of cells called histoblasts. During embryogenesis,
imaginal discs become specified and invaginate from the embryonic epidermis to form
single layered epithelial sacks. They do not contribute to the larval body plan, but
grow and become patterned during the larval stages, to finally form to the fly’s adult
body during metamorphosis.
The wing imaginal disc is specified from a subset of epithelial cells in the second
thoracic segment of the embryo (Fig.3 A), and invaginates at 9-10h AEL (After Egg
Laying, at 25°C) [54]. At the stage the discs are defined, all embryonic segments
have a clearly defined anterior-posterior (A/P) axis, due to expression of the seg-
ment polarity gene engrailed (en, a homeodomain transcription factor [55, 56]) in the
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posterior part of each segment (see Fig.3 A bottom). The cells that give rise to the
thoracic imaginal discs, including the wing imaginal disc (from here on wing disc),
are specified in the region of the boundary where the anterior En negative and the En
positive tissue contacts. Therefore the wing disc directly adopts the A/P axis of the
embryonic epidermis, hence the early wing disc already consists of an En negative an-
terior compartment and an En positive posterior compartment (Fig.3 B). The cells of
the anterior and the posterior compartment possess unique properties and do not mix
with cells from the other compartment. This behaviour results in a straight interface
between the anterior and the posterior cells, called the A/P compartment boundary
[57]. During the next 4 to 5 days of larval development the wing disc grows from ~40
cells at the first instar stage [58] to ~60’000 cells at the initiation of pupation [59, 60].
During this time period, the growth of the wing disc needs to be strictly controlled
and the tissue needs to be patterned. Growth and patterning are controlled by the
Dpp [22, 61, 23] and the Wingless (Wg) [62, 63] morphogens, secreted from organ-
izer regions along the A/P boundary and along the dorsal-ventral (D/V) boundary
of the wing disc, respectively (Fig.3 C-D). Both, Dpp and Wg are essential for fly
development, and wings fail to form in dpp [64, 61] or wg mutants [65, 66].
The spatial expression and activity patterns of the two selector genes En [69,
70] and Apterous (Ap) [71] are responsible for the establishment of the A/P and
the dorsal-ventral (D/V) compartment boundary, respectively, and the subsequent
induction of the corresponding organizer regions. Expression of Dpp in the A/P
boundary organizer is controlled by a sequence of signalling events involving En and
a third morphogen, Hedgehog (Hh) [72, 73, 74, 75]. En directs the secretion of Hh
from posterior cells [76], but at the same time renders posterior cells insensitive to
Hh signalling by repression of the Hh signal transducer Cubitus interruptus (Ci)
[77]. In contrast, anterior cells express Ci and can properly respond to the short-
range Hh gradient which spreads into the anterior compartment (Fig.3 C). The Hh
gradient induces dpp expression (Hh → dpp) [61] in a 8-10 cell wide zone in the
anterior compartment, but also induces en expression in 3-4 cells wide stripe adjacent
to the A/P boundary (only in the late 3rd instar) [78]. The (1) dpp activation by
Hh in a wide stripe and (2) dpp repression by En in a narrow stripe results in a
dpp expression stripe that is ~5-6 cells wide. From this stripe source, Dpp forms
concentration gradients into the anterior and posterior compartment which instruct
patterning and growth along the A/P axis [24, 79].
While the A/P boundary is already established when wing disc cells are defined
from embryonic epidermal cells, the D/V boundary and also the D/V organizer region
is established later, only at the early 2nd instar stage (~48h AEL) [71]. At this stage,
ap expression is initiated in the prospective dorsal compartment of the wing disc.
Subsequently Ap induced Notch signalling between dorsal and ventral cells establishes
the D/V boundary and also induce wg expression in boundary cells [80, 81]. The Wnt
family ligand Wg is secreted from D/V organizer cells and controls the expression
domains of the target genes distal-less (dll) and vestigal (vg), which are required for
wing blade identity, along the D/V axis. Despite the requirement of the wg gene for
wing development [65, 66], the function of Wg as a classical morphogen was recently
6
Figure 3: Early wing disc development
A, In the Drosophila embryo, the wing disc (red circle) is defined from epidermal cells in
the 2nd thoracic segment (T2). The haltere disc (purple circle) forms in T3, and all thoracic
segments form leg imaginal discs (yellow circles). All embryonic segments are subdivided
into anterior (Engrailed negative, white) and posterior (Engrailed positive, blue) domains.
A, anterior; P, posterior; D, dorsal; V, ventral. B, The wing imaginal disc consists of an
anterior and a posterior compartment, which is adopted from the epidermal cells of the 2nd
thoracic segment. The early wing disc grows from ~20-30 cells to ~60’00 cells during 4-5
days of larval development. The central region of the wing disc, the wing pouch (marked by
a dotted line), is giving rise to the adult wing blade. The growth and pattern of the wing
pouch is controlled by morphogen secreted from two organizer regions. C, Establishment
of the A/P organizer in the wing pouch. In posterior cells Engrailed (En) instructs the
expression and secretion of Hedgehog (Hh). Hh signalling induces the expression of dpp in
a stripe of anterior cells adjacent to the anterior-posterior (A/P) boundary. Dpp is secreted
from these cells and forms concentration gradients to both sides of the stripe source. D, The
dorsal-ventral (D/V) organizer is established by the selector gene apterous (ap) and secrets
Wingless (Wg). The Wg gradients control gene expression along the D/V axis. Figure
adapted from [67, 68].
challenged [82], an observation, I will discuss in more detail in section 4.3.
1.3.2 The Dpp morphogen gradient in the wing disc
Decapentaplegic (Dpp), the fly homologue of vertebrate BMP2/4, is essential for the
formation of the fly wing. While flies mutant for dpp in the wing disc only develop
very small wing rudiments [64, 61], ectopic expression of Dpp can result in wing
duplications and/or overgrowth [61]. Dpp is expressed in a centrally localized stripe
in the wing disc (as discussed above), from where it forms concentration gradients into
the anterior and posterior target tissue (Fig.4 left). Due to the lack of a good antibody,
scientists have engineered fusion proteins between GFP and Dpp (GFP-Dpp)[83, 84]
to visualize Dpp distribution. Expression of GFP-Dpp in the wing disc stripe source
using the Gal4/UAS [85] or the LexA/LOP [86] binary expression systems rescues
the dpp mutant phenotype to a good extend [84, 83]. GFP-Dpp fusion proteins allow
direct visualization of Dpp distribution and extraction of gradient shape and range
by plotting GFP fluorescence intensity along the A/P axis (Fig.4 middle). Moreover,
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Figure 4: The Dpp morphogen gradient in the Drosophila wing imaginal disc
left, Schematic illustration of a wing disc. All wing discs in this thesis are shown with their
anterior side facing left and their dorsal side facing up. The wing disc consists of three
major regions, the notum (giving rise to the fly’s back), the hinge (forming the attachment
parts connecting the wing to the fly’s body) and the wing pouch (light blue) which will
form the actual wing blade. Dpp is expressed in a stripe (green) of anterior cells along the
A/P compartment boundary. Below, the genotype of the discs shown to the right is indic-
ated. middle, The Dpp gradient can be visualized by expression of a protein fusion between
enhanced(E) GFP and Dpp (EGFP::Dpp) in a wild type background. EGFP fluorescence
allows direct visualization of the gradient by plotting fluorescence intensities (bottom graph).
right, In order to visualize the extracellular fraction of EGFP::Dpp only, so called extra-
cellular staining protocols can be used. These protocols allow sensitive visualization of the
extracellular Dpp (exGFP) gradient range and shape.
excellent antibodies for the detection of GFP are available, allowing to label the
extracellular fraction of EGFP::Dpp only (Fig.4 right). These so called extracellular
immunostaining protocols do not use detergents, and therefore do not permeabilize
the cell membrane, such that the antibody can only access the extracellular portion
of the antigen (explained in detail in 3.2.2). These protocols have been particularly
useful to detect the distribution and the subcellular localization of the mature Dpp
ligand [87] and other morphogens in the wing disc tissue [88, 89, 90].
In addition to GFP, Dpp has been fused to other fluorophores and tags, such as
the photo-convertible fluorescent protein Dendra [91] or the Hemagglutinin (HA) tag
[92]. Due to the advantages in visualization and the availability of good antibodies as
well as genetically encodable, synthetic GFP binders (see next chapter) I will make
use in this thesis work of an EGFP-tagged version of Dpp based on the construct
engineered by Teleman et.al. [84] (see 3.3.1 for details on the cloning).
1.3.3 Wing disc patterning by the Dpp gradient
Patterning of the wing disc by the Dpp gradient has been studied extensively and is
generally well understood and documented ([22, 23, 93], reviewed in [24, 79]). Upon
secretion, Dpp forms long range concentration gradients to both sides of its centrally
located source. The Dpp concentration gradient is transduced by its receptors Tkv
[50] and Punt [52], and translated into an intracellular gradient of p-Mad, which can
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Figure 5: The Dpp signalling gradient patterns the Drosophila wing
A, A wild type, third instar wing disc expressing EGFP::Dpp (green) in the stripe domain,
stained for p-Mad (grey) and Brk (red). B, The Dpp gradient it translated in an intracellular
gradient of p-Mad (blue). Since Dpp pathway activity represses the expression of Brk, the
Brk gradient profile (red) is inverse to the one of p-Mad. Different sensitivities to Brk
repression result in different domain width of Dpp targets like Sal and Omb (black bars).
C, Third instar wing discs stained for Sal, Omb and the intervein gene dSRF. Prospective
positions of wing vein L2 (set by Sal) and L5 (set by Omb) are marked by dotted orange
lines. D, Wing disc stained for dSRF from (C, bottom). Position of prospective wing veins
are marked by dotted lines. Vein L2 and L5 (orange) are positioned by Dpp, while L3 and
L4 (blue) are positioned by Hh. E, Adult Drosophila wing. The region of Dpp production
is marked by a dotted green line. Wing veins L2 to L5 are positioned along the anterior-
posterior axis.
be visualized by an antibody specifically recognizing the phosphorylated form of Mad
(Fig.5A, middle). p-Mad levels are slightly reduced in source cells but maximum
adjacent to them, and gradually decreasing towards the periphery. Since Tkv is a
negatively regulated target of Dpp signalling, source cells express lower levels of Tkv,
and hence p-Mad levels are slightly reduced in these cells [94]. As mentioned above, p-
Mad forms a complex together with the Drosophila Co-Smad Medea and accumulates
in the nucleus to regulate Dpp target gene expression. The p-Mad/Medea complex
binds to so called silencer elements (SEs) [95, 96] and recruits another transcription
factor Schnurri (Shn) [97, 98, 99] to repress the transcription of brinker (brk) in a
concentration-dependent manner. The dose-dependent repression of Brk transcription
results in a Brk profile that is inverse to the one of p-Mad (Fig.5 A-B). In summary, p-
Mad / Dpp signalling levels are high in the centre and decrease towards the periphery,
while Brk levels are high in the periphery and decrease towards the centre of the disc.
Brk acts as a general repressor of Dpp target genes [100, 101, 102], therefore the
removal of Brk by Dpp in the central region of the disc results in the de-repression
and the concurrent activation of several Dpp target genes, such as daughters agains
dpp (dad) [103, 104], spalt (sal) [105] and optomoter-blind (omb) [106, 107, 108].
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While dad and sal expression is directly activated by Dpp signalling (via binding
of the trimeric p-Mad/Medea complex to a so called activator element (AE) [104]
in the respective regulatory regions), Omb is activated by yet unknown factors but
becomes expressed due to the loss of repression by Brk [102]. Different sensitivities of
Dpp target genes to Brk repression result in distinct expression domains that differ in
their width. While omb is less sensitive to Brk and is expressed in a wide domain, sal
shows a higher sensitivity to Brk repression resulting in a narrower expression domain
(Fig.5B, bottom and C) [22, 24, 109].
Sal and Omb are both transcription factors and are important for wing vein po-
sitioning [110, 111]. The Drosophila wing features five main longitudinal veins (LVs,
named L1-L5), which are positioned in a robust and stereotypic way. L1-L3 are
positioned in the anterior compartment of the wing, while L4 and L5 form in the
posterior compartment (Fig.5E). The position of prospective wing veins becomes spe-
cified already at the larval stage. Vein position of L2-L5 in the wing disc can be
visualized by staining for Blistered (Bl, also known as dSRF), a marker expressed in
the prospective intervein region (Fig.5C, bottom and D, top). While positioning of
L3 and L4 was shown to depend on Hh signalling, veins L2 and L5 are positioned
by the Dpp gradient [111]. L2 is specified at the anterior edge of the Sal domain
(Fig.5C, top), either directly by low Sal levels [112] or by an unknown secondary
signal produced by Sal expressing cells [113, 114]. Positioning of L5 in the lateral
posterior compartment is molecularly not fully understood. L5 initiation was shown
to depend on Omb and Brk [115] and potentially is repressed by Sal [116]. Therefore,
the simplest mechanism would suggest that Sal defines the anterior limit of L5 and
the requirement for Omb the posterior limit of L5 (Fig.5C, middle) [111].
1.4 Novel technical approaches to address outstanding ques-
tions
While the interpretation of Dpp signalling on the cellular level and the resulting pat-
terning functions are well understood, the mechanism of Dpp gradient formation and
the role of the Dpp gradient for proliferation and growth control of the wing prim-
ordium is highly debated. A variety of mechanisms have been suggested to explain
Dpp gradient formation. These mechanisms range from simple diffusive processes
[117, 118, 14, 87, 91] to active ligand transport trough cells by repeated cycles of
endo- and exocytosis [83, 119, 120] and along cellular protrusions called cytonemes
[121, 122, 123, 124]. Once the gradient has formed, it remains unclear how the Dpp
gradient controls the growth and the final size of the wing disc, and hence the fly
wing. The proposed models either suggest a direct control of the proliferation rate by
Dpp [125, 126] or a permissive range-dependent function of Dpp [127, 128, 109, 129].
A common feature of the approaches taken so far, is that they disturb Dpp dis-
tribution by modifying proteins involved in either Dpp dispersal or signalling. Major
advantages of these approaches include the fast realization due to the availability
of mutants, over-expression constructs or RNAi lines. However, they also bear the
danger of indirect effects or effects provoked due to non-physiological conditions (e.g.
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due to strong over-expression). In order to circumvent these caveats, I want to in-
troduce in the following section a novel, nanobody-based technique that allows direct
modification of EGFP::Dpp protein distribution, leaving other components of the
system untouched. Nanobodies are genetically encodable, small protein binders, that
allow us to specifically target and modify the Dpp ligand distribution profile. In
the following, nanobody-mediated morphogen trapping will allows us to distinguish
between some of the proposed mechanisms for gradient formation and growth control.
The next section introduces nanobodies as valuable and powerful tools to study devel-
opmental processes in multicellular organisms. In the following “Part I” of my thesis,
I will summarize how our nanobody-based approaches allowed us to gain a deeper
understanding of how the Dpp gradient and Dpp spreading controls the growth of the
wing disc. In “Part II”, I will present preliminary results on how nanobodies can help
to understand how and where Dpp disperses in the wing disc tissue to form a robust
concentration gradient.
1.5 Functionalized-nanobodies as novel tools to study morpho-
gen gradients
Classical antibodies (Abs) found in mammalian species consist of two identical heavy
and two identical light chains (Fig.6A), which are connected by disulphide bonds. In
striking contrast, a considerable fraction of the IgG Abs found in members of the
camelid family consist of heavy chains antibodies (HCAbs), lacking the light chains
(Fig.6B) [130]. HCAbs consist of only three globular domains, while classical anti-
bodies carry four of these domains. Two of these domains in HCAbs show homology
to the second and third constant region of the heavy-chain (CH2, CH3) of classical
antibodies. However, the CH1 domain, which connects the heavy with the light chain
in classical Abs, is lost in HCAbs. Therefore the antigen-binding region, usually con-
sisting of the variable-domain of the heavy chain (VH) and the light chain (VL), is
reduced to a single domain in HCAbs [131]. This single variable domain of heavy chain
antibodies was termed VHH or nanobody (© Ablynx). VHHs, similar to VHs, adapt
an Ig fold of two β-sheets with three discernible loops that carry the complementary
determining regions (CDRs) responsible for antigen recognition (Fig.6C, coloured).
The CDR containing loops of the VHH (especially CDR1 and CDR3) are extended
compared to the ones of the VHs [132]. Therefore, the extended loops in VHHs can
adapt highly versatile, finger-like structures, reaching into pockets (also acting as en-
zyme inhibitors) and recognizing three dimensional structure, thereby increasing the
paratope repertoire [134, 132, 135].
Nanobodies have been used in basic science in manifold ways, e.g. as crystallization
chaperones, enzyme inhibitors or to block protein function (reviewed in [136, 137]).
A rather newly emerging field is the use of functionalized protein binders/nanobodies
in multicellular organisms. The major advantage of nanobodies over classical anti-
bodies, is the monomeric nature of the VHH domain. Monomeric VHHs can be used
as synthetic protein binders that are easily functionalized by fusion to protein do-
mains carrying specific functions. These fusion protein can be expressed in cells to
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Figure 6: Functionalized-nanobodies as novel tools in developmental biology
A, Conventional antibodies consist of two heavy (dark blue) and two light chains (light blue),
which are linked by disulphide bonds (red). Constant regions of heavy chain (CH1-3) and
light chain (CL) build the framework of the antibody, while antigen binding specificity if give
by the variable domains of the light (VL) and the heavy chain (VH). B, Heavy-chain anti-
bodies (HCAbs) of the camelid family consist of two heavy chains only. Binding specificity
is given by a single domain termed Variable-domain of the Heavy-chain of HCAbs (VHH,
yellow) or nanobody. C, Structure of the anti-GFP nanobody (vhhGFP4, from Kubala et.al.
[133]) used in this study. The three loops containing the complementarity determining re-
gions (CDR1-3) are coloured. D, Schematic drawing of scaffold-bound nanobodies (SBNs).
vhhGFP4 is fused to a scaffold protein of known localization, which has been tagged with
mCherry (mCh) for visualization. SBNs can bind and immobilize GFP-tagged proteins of
interest.
directly modify and study target protein function in vivo. The field of functionalized
protein binders was strongly influenced by the isolation of a nanobody specifically
recognizing GFP (termed vhhGFP4) [138, 139]. The 13kDa vhhGFP4 GFP-binding
fragment was thoroughly characterized, and shown to retain its strong binding spe-
cificity (Equilibrium dissociation constant (KD) = 0.32nM) in vivo when combined
with fusion-proteins, also when expressed in the intracellular environment (as a so
called intrabody) [138, 140]. Based on vhhGFP4 several tools to modify GFP-tagged
proteins have been generated. So called chromobodies, fusion proteins of vhhGFP4
(or any other nanobody) and a fluorescent protein, allow to study protein localization
and dynamics in living cells [139, 141, 142, 143]. Degradation of GFP-tagged proteins
was achieved by a nanobody-based technique called deGradFP (degrade Green Fluor-
escent Protein). In deGradFP, vhhGFP4 was fused to a subunit of the ubiquitination
machinery, resulting in ubiquitination and subsequent degradation of GFP-tagged
proteins in Drosophila and human cell lines [144]. Recently an analogous approach
was established to degrade nuclear GFP-tagged protein in mammalian cells and in
zebrafish embryos [145]. Moreover, vhhGFP4 was used to directly control gene expres-
sion (T-DDOG - transcription device dependent on GFP) [146], or Cre recombinase
activity (CRE-DOG - Cre-recombinase dependent on GFP) [147] by GFP in mouse
embryos.
In order to modify the extracellular distribution of secreted, GFP-tagged proteins
(e.g. morphogens), we developed and validated scaffold-bound nanobodies (SBNs) as
novel tools to study morphogen gradient function. SBNs are fusion proteins consisting
of vhhGFP4 fused to a “scaffold” protein of known localization and a fluorophor, to
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visualize the localization of the SBN (Fig.6D). We have created SBNs that either
localize to the cell surface, by fusing vhhGFP4 to transmembrane proteins, or to the
extracellular matrix (ECM). In both cases, SBNs act as artificial morphogen traps,
sequestering and immobilizing the EGFP::Dpp morphogen either along the cell surface
or in the ECM. Expression of SBNs is controlled by binary expression systems (e.g.
Gal4/UAS or LexA/LOP), and therefore can be tightly regulated in a spatial and
temporal manner, allowing versatile experimental setups.
In the first part of this thesis I will make use of a specific SBN, we called morpho-
trap, which utilizes the mouse CD8 transmembrane protein as scaffold. Due to the
membrane localization of morphotrap, the vhhGFP4 domain is presented outside
of the cell along the cell surface, showing no bias in localization along the apical-
basal axis when expressed in the polarized epithelial wing disc cells. Co-expression of
EGFP::Dpp and morphotrap in source cells completely abolished gradient formation,
and hence provides an elegant framework to study the requirement of Dpp spreading
for wing disc patterning and growth control. In the second part, I will introduce SBNs
that localize to specific sub-cellular compartments (e.g. to the apical or basolateral
compartment only) or to the ECM. These differentially localized SBNs might allow
us to investigate the route of Dpp dispersal and to modify the dispersal of specific
sub-cellular fractions of Dpp. This will yield a basic understanding of their respective
contributions to patterning and growth control of the wing disc. Finally, our studies
illustrate the versatility and power of synthetic protein binders for biological research
in multicellular organisms.
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Part I
The requirement of Dpp and Wg
spreading for patterning and growth
control of the wing imaginal disc
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2 Introduction
An outstanding question in developmental biology is how pattern and size of tissues
and organs are controlled and coordinated during embryonic development. Trans-
plantation experiments performed already in the 1920s suggested that organs ’know’
how big to grow. In a striking experiment Victor C. Twitty and Joseph L.Schwind
transplanted the leg primordium of a large salamander species, Ambystoma tigrinum,
to a small salamander species, Ambystoma punctatum [148]. Despite developing in
a different environment, the transplanted leg primordia developed to their original
size, resulting in either a small salamander with a longer-than-normal leg or a big
salamander with a shorter-than-normal leg (Fig.7). These results demonstrated that
embryonic primordia indeed possess intrinsic control mechanisms determining final or-
gan size, which are clearly distinct from systemic mechanisms controlling individual
size. Also in the Drosophila wing disc such intrinsic size control mechanisms have
been observed. Modulation of cell proliferation in the posterior compartment of the
wing disc can create compartments with much higher or lower cell numbers than
control compartments, strikingly, these drastic changes in cell number do not affect
the overall compartment size [149]. These observations clearly suggest that growing
organs do not count their cell number, but possess mechanisms that can “measure”
tissue size.
By which mechanisms organs measure their size and what might be the intrinsic
factors controlling organ growth remained mysterious for a long time. The discov-
ery that morphogens can link pattern with size provided the basis for a variety of
morphogen-based models of organ-intrinsic growth and size control. The Drosophila
wing disc provided a versatile and simple model system to study the role of morpho-
genetic growth control. Wing disc patterning and growth is mediated by the Dpp
and Wg morphogen gradients, which are established from the two primary organizer
regions along the A/P and D/V boundary, respectively (explained in detail in 1.3.1).
Both, the dpp and the wg genes, are required for wing disc cells to form the central
region, called the wing pouch, the area forming the adult wing blade. Mutations in
Figure 7: Organ intrinsic growth control
Two salamanders of the species Ambystoma punctatum (punc.,
left) and Ambystoma tigrinum (tig., right). The primordia form-
ing the right facing leg have been transplanted during early em-
bryonic development between the two species. Primordia in-
trinsic factors define leg size, such that the transplanted legs
grow to the size they would have adapted in their original body.
(Image from Twitty and Schwind, 1931 [148])
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either the Dpp or the Wg pathway result in loss of cell proliferation and the adult
wing blade [64, 61, 150, 151, 65, 66]. Both morphogen gradients have been stud-
ied extensively, and several models have been proposed to explain proliferation and
size control by Dpp and Wg. However, the molecular mechanisms underlying these
processes remain highly debated.
At this point, I want to clarify, that my work will focus on proliferation control
(cell division) and on final size control of the wing disc tissue, which I will also referred
to as growth control. Importantly, the term growth control is sometimes used in the
literature to refer to the process of cellular mass increases (“cell growth”), a process
I will not discuss in the scope of this work.
2.1 Models for Dpp-mediated growth and size control
Over the years, a variety of models were proposed to explain the mechanism of prolifer-
ation and size control by Dpp in the wing disc [152, 153, 127, 128, 154, 155, 156, 126].
These models can be mechanistically sub-divided into two distinct classes: (1) in-
structive (direct) or (2) permissive (indirect) (Fig.8). Instructive models imply that
Dpp signalling activity directly controls the cellular proliferation rate and hence the
growth rate of the tissue. In contrast, permissive models suggest that the prolifera-
tion rate is controlled by other factors than Dpp, but that Dpp signalling provides
the competence to respond to these regulatory factors in a concentration/position-
dependent manner. A major challenge for both types of models it to explain how the
graded distribution of the growth factor Dpp can result in the uniform proliferation
profile observed along the A/P axis of wing discs (Fig.9A) [157, 60, 158, 159].
The existence of two mechanistically distinct models has split the research com-
munity, one part favouring the instructive “Temporal Rule Model” (TRM) [126, 160,
125] (Fig.9B), the other part favouring the permissive “Growth Equalization Model”
Figure 8: Instructive versus permissive models of growth control
Instructive models (left) suggest that Dpp signalling activity directly induces prolifer-
ation, ultimately resulting in tissue growth. Conversely, in permissive models (right)
Dpp signalling gives competence to respond to other pro-proliferative/growth inputs.
Competence is given to cells by removal of the growth repressor Brk by Dpp signalling.
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(GEM) [128, 161, 129, 109] (Fig.9C). Both, the TRM and the GEM, suggest eleg-
ant ways to explain how graded Dpp distribution can result in uniform proliferation
profiles along the A/P axis. In contrast, while the TRM can provide a mechanism
for growth remination, the GEM model struggles to give conclusive suggestions on
how Dpp controls the final size of the wing disc. In the following I will discuss the
function of Dpp in the TRM and the GEM and how the two models explain control
of the proliferation rate and tissue size control.
The “Temporal Rule Model” (TRM)
The TRM is based on quantitative observation of EGFP::Dpp distribution and levels
during larval development. Wartlick et.al. observed that the amplitude of the
EGFP::Dpp gradient increases over developmental time (Fig.9B). In addition, they
found that the EGFP::Dpp gradient scales with tissue size, meaning that the gradient
expands with the growing tissue in a way that the relative shape of the gradient re-
mains unchanged (hence, the gradient “scales”). Combining these two observations,
Wartlick et.al. concluded that all cells in the wing disc experience the same relative
increases in EGFP::Dpp levels, independent of their position in the primordium. In
a final step, they showed that the proliferation rate in the wing disc correlates well
with the temporal increase in the amplitude of the Dpp activity gradient. It turns
out, that cellular Dpp levels increase by 50% during the cell cycle, therefore the TRM
suggests that cells divide once their cellular Dpp signalling levels have increased by
50%. Since the relative increase in Dpp signalling is position-independent along the
A/P axis (because of gradient scaling), also the proliferation rate is uniform along this
axis. An elegant feature of the TRM is that it can also explain growth termination
at the end of larval development: relative Dpp signalling levels need to increase by
50% during each cell cycle. With each cell cycle, this increase becomes more diffi-
cult to obtain, resulting in a progressive reduction of the proliferation rate, until a
threshold-point, where a 50% increase cannot be obtained any more and proliferation,
and hence tissue growth, halts.
The TRM is supported by experiments in which the increase in Dpp signalling
activity was modulated by inducible expression of TkvQD, a constitutively active
version of the Dpp type-I receptor. In such clones, cell division also correlated with
an increase in Dpp signalling activity by 50%. Furthermore, clones experiencing a
faster increase in Dpp signalling also divided faster [126]. However, these results again
only suggest a correlation between increasing Dpp signalling and the proliferation rate
but do not provide evidence for such a mechanism under physiological conditions.
Due to its simplicity and the mathematical framework provided by the authors the
TRM gained support especially among computational biologists [162, 163]. A similar
mechanism was suggested to control the growth of the Drosophila eye imaginal disc
[125].
Recently, the TRM was challenged by two major findings: (1) Dpp signalling
activity, visualized by p-Mad antibody staining, was not found to increase during
larval developmental in wild type wing discs [164]. (2) Clones of cells that are mutant
for both, the Dpp signal transducer mad as well as the growth repressor brk, showed
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Figure 9: Proliferation control by the Dpp gradient
A, Dpp, visualized by the GFP::Dpp fusion protein, is expressed in a central stripe and
forms a graded concentration profile in the wing disc tissue. Despite this graded distribution,
cell proliferation, either visualized by staining for phospho-histone H3 (p-H3) or by BrdU
labelling, is approximately uniform along the A/P axis. B, The “temporal rule model”
(TRM) suggests an instructive function of Dpp. C, In contrast, the “growth equalization
model” (GEM) suggests a permissive function of Dpp.
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normal growth rates when located in the central region of the wing disc, and even
overgrew when located in the periphery [129]. These clones cannot sense Dpp sig-
nalling input, and hence should not divide according to the TRM (or at a different
rate), but do so at similar rates as wild type cells. These findings suggest that cell
division does not depend on increasing Dpp levels, as long as the growth suppressor
Brk is absent and not directly inhibiting growth; an idea that was picked up by the
GEM.
The “Growth Equalization Model” (GEM)
The GEM is based on the finding that wing disc double mutant for dpp and brk
grow normally, but non-uniform, showing increased proliferation in the periphery
[128]. Analogous, clones mutant for both, mad and brk show similar growth rates
as their twin-spots [129]. Based on these observations, the GEM suggests that the
growth modulator function of Dpp is indirect and depends on the removal of medial
Brk. This highlights that medial cell proliferation does not directly depend on Dpp
signalling input, but requires the removal of the growth suppressor Brk. Such a mode
of growth control emphasizes the role of other instructive growth promoters, such as
the Insulin/dTOR and Hippo pathways [165], in controlling the basal proliferation
rate.
The GEM proposes that the “basal” growth potential along the A/P axis is non-
uniform, with lateral cells having a growth advantage over medial cells. This non-
uniformity potentially arises from other signalling inputs [161], tissue geometry or
mechanical feedback [166, 167, 168, 169]. Dpp balances this non-uniform growth
potential by modulating Brk in a way that the lower growth potential of medial cells
is elevated (by repression of Brk), while the higher growth potential of lateral cells is
reduced (by the presence of Brk), such that the overall growth rates can be sustained
by medial cells. Therefore, according to the GEM Dpp acts a growth modulator
equalizing out a non-uniform growth potential along the A/P axis. Indeed, it was
shown that Brk represses the growth promoter dMyc in lateral cells, reducing their
growth potential [170]. Importantly, according to the GEM, Dpps’ sole function is to
remove medial Brk, hence Dpp input is not required to control proliferation in the
lateral region.
This model was challenged by the observation that the levels of the Dpp signalling
reporter dad-nRFP increase over time in wing disc mutant for dpp and brk [126], as
well as in clones double mutant for mad and brk [160]. However, these findings only
suggest that there are other potential inputs acting on the dad enhancer fragment
used in these studies. Here, it is important to mention that the dad-nRFP reporter
line used for these essays, expresses nuclear RFP (nRFP) under the control of the
dad promoter. However, the half-life of nRFP in Drosophila cells has not been tested
in Wartlick et.al. [126]. In a likely scenario, the nRFP protein stability exceeds the
one of the unknown activating input; in this case nRFP levels do not reach a steady-
state, and hence nRFP intensity is expected to increase over time. Furthermore, high
Dpp pathway activation by clonal expression of TkvQD can also result in transiently
increased proliferation in a non-autonomous manner [153]. This finding argues against
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a solely permissive function of Dpp, and that strong signalling differences between
neighbouring cells can have instructive effects on cell proliferation. However, whether
such a response plays an active role during normal development remains to be shown.
2.1.1 Scaffold-bound nanobodies as novel tools to distinguish between an
instructive or permissive function of Dpp
Here, we want to discriminate between the above introduced instructive and per-
missive models for growth control by Dpp. As pointed out before, both models pre-
dict the proliferation rate in dependence of the Dpp gradient profile. Importantly, the
predicted proliferation rates for the two models would differ in a situation, where no
Dpp gradient forms. Hence, a potential approach to distinguish between a instructive
or a permissive mode of Dpp function would be to completely block Dpp spreading
from its central stripe source and thereby abolishing gradient formation.
Situations in which Dpp spreading is impaired have been created before, e.g. by
over-expression of the Dpp receptor Tkv [171, 172, 127]. However, such setups would
not allow answering the above presented question because (1) the efficiency of Dpp
immobilization is too low to completely abolish Dpp gradient formation (Dpp targets
like Sal still form graded expression domains in the target field, see [172]) and (2)
over-expression of a Dpp pathway component is not ideal, since it might results in
artificial pathway activation due to high ectopic receptor levels or indirect effects.
Another approach that specifically affects the protein of interests is genetic tethering
to the cell surface, by fusion of the protein of interests to the extracellular domain
of a transmembrane protein. This approach has been used to study the long-range
function of Wg [173, 174, 82]. However, such a setup does not allow easy temporal
and spatial control of protein tethering.
In order to overcome these limitation, we established a membrane-bound anti-GFP
nanobody, we called morphotrap, as novel tool to directly modify spreading of GFP-
tagged morphogens in a spatially and temporally controlled manner. Expression of
morphotrap in the EGFP::Dpp source cells results in immobilization of EGFP::Dpp
at the surface of source cells and a complete block of Dpp gradient formation. In such
a situation, only the source cells and cells in direct contact with source cells experience
Dpp signalling, while all other cells in the target tissue do not sense Dpp any more,
but experience high levels of Brk. A result of this is that Brk is not repressed in the
prospective medial region, and that all target cells, not in direct contact with source
cells, do not experience temporally increasing Dpp signalling levels. Therefore this
setup provides ideal conditions to distinguish between the GEM and the TRM.
Under normal developmental conditions, EGFP::Dpp spreads and forms a concen-
tration gradient. Due to the repression by Dpp, Brk forms an inverse concentration
gradient (Fig.10A, left). According to the GEM, central repression of Brk equalizes
the growth of medial cells, such that they can sustain the overall proliferation rate,
hence similar proliferation rates are observed in the medial and the lateral region.
However, when Dpp spreading is blocked by morphotrap, Brk is only repressed in
the first row of target cells; while high Brk levels should be present in the remain-
ing target tissue (Fig.10A, right). According to the GEM, only medial proliferation
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Figure 10: The proliferation profiles predicted by the GEM and the TRM differ
in the absence of Dpp spreading
A, Predicted proliferation profiles for the GEM in the posterior compartment for the presence
(left) and the absence (right) of Dpp spreading. Along the x-axis the relative position in
the posterior compartment is shown, the left limit of the graph corresponds to the A/P
boundary while the right limit corresponds to the posterior edge of the wing disc tissue. The
y-axis shows the concentration of either EGFP:Dpp or Brk (top graphs) and the proliferative
capacity (bottom graphs). B, Predicted proliferation profiles for the TRM in the presence
(left) and the absence (right) of Dpp spreading. The temporal axis is marked by an arrow,
labelled T.
depends on Dpp, while lateral cell proliferation is independent of Dpp. Hence, the
GEM would predict that in the absence of Dpp spreading, the medial target region
should not grow, while the lateral target cells should proliferate at rates similar to a
control situation.
In striking contrast, according to the TRM, cell proliferation strictly depends
on all individual cells sensing increasing Dpp signalling levels. In conditions with
normal Dpp spreading and gradient scaling, all cells in the target tissue sense the
same relative increase in Dpp, and hence proliferate at similar rates (Fig10B, left).
However, in the absence of Dpp spreading (Fig.10B, right), all cells in the target
tissue, apart from the ones in direct contact with source cells, will not sense any Dpp.
Therefore the TRM predicts that in the absence of Dpp spreading no proliferation
(or altered proliferation) should be observed in the target tissue, with exception of
the target cells directly contacting Dpp source cells.
In conclusion, the GEM and the TRM predict two clearly different prolifera-
tion profiles in a situation where Dpp spreading is completely abolished. Using
morphotrap-mediated blocking of EGFP::Dpp spreading, we want to create such a
situation in an otherwise dpp mutant background. This experimental setup should
allow us to distinguish between the two growth models presented.
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2.2 Aim of the project
The Drosophila Dpp gradient in the wing imaginal disc has served as an excellent
and intensely studied model system for morphogen mediated patterning and growth
control. While the role of the Dpp gradient in pattern formation is well understood,
its role in proliferation and growth control remains highly controversial and debated.
To better study the function of Dpp spreading in growth control, we aim to estab-
lish a novel nanobody-based method, that allows for the first time direct and specific
modification of Dpp morphogen distribution in vivo. For this aim, we will create
morphotrap, a membrane-bound anti-GFP nanobody, and characterize its function
in the Drosophila wing disc. To complement this GFP-trap, we will establish a rescue
system, in which the dpp mutant wing disc phenotype is rescued by the expression of
an EGFP-tagged Dpp fusion protein, which can be specifically modified by morpho-
trap. Finally, we will combine these two novel tools and establish a genetic setup,
using two binary expression systems, to independently control the spatial expression
of the EGFP::Dpp transgene and the morphotrap transgene in a dpp mutant back-
ground. This setup will allow us to perform a multiplicity of versatile experiments,
investigating the properties and function of Dpp spreading on patterning and growth
control of the wing disc. In summary, nanobody-based morphogen trapping using
morphotrap will allow us to:
(1) Understand the requirement of Dpp spreading for patterning the wing disc tissue.
(2) Distinguish between a direct versus a permissive function of Dpp in proliferation
control.
(3) Test the requirement of Dpp spreading for wing disc growth and final tissue size
control.
Moreover, we will show the versatile use of morphotrap by immobilizing Wg along
source cells, testing the requirement of Wg spreading for Drosophila wing develop-
ment. Finally, the morphotrap approach will allow us to study the role of the Dpp
gradient from a novel perspective, complementary to existing genetic approaches, and
provide an important novel tool to address highly debated questions in the morphogen
field.
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3 Material and Methods
3.1 Fly stocks
All fly strains used in Harmansa et.al. are listed in the methods section of the pub-
lication. Besides these the following lines were used:
UAS::dppRNA Expresses dsRNA for RNAi of dpp. Bloomington stock number
33618, insertion on the 3rdchromosome.
Wg::GFP Endogenous GFP-tagged Wg obtained from Simon Bullock [175]
3.2 Immunofluorescence
3.2.1 Standart immunostaining protocol for wing imaginal discs
Procedure Dissection was performed in ice cold PBS. Larvae were cut in the middle
and the anterior part was inverted to expose the imaginal discs, which are attached the
the larval cuticle. The whitish fat tissue was removed as much as possible. Dissected
larvae were fixed in PBS fixative for 20 min. at RT, rinsed three times in PBT and
washed four times in PBT for 15min. at RT on a rotor. After blocking in PBTN for
30 min. rotating at RT, the tissue was incubated with primary antibody in PBTN
overnight at 4°C. The next day larvae were rinsed three times in PBT, followed by six
washes in PBT for 15 min. Secondary antibody incubation was done in PBTN at RT
for 1.5h. Afterwards, larvae were again rinsed three times with PBT and washed six
times 15min in PBT at RT. Finally, all PBT was removed and discs were mounted in
two drops of Vectashield fluorescent mounting medium (H-1000, Vecta Laboratories
U.S.).
Solutions
10x PBS 2g KH2PO4, 1.25ml 10N NaOH, 80g NaCl, 2g KCl, 6.1g Na2HPO4,
fill up to 1L with H2O
PBS fixative 1x PBS + 4% Paraformaldehyde
PBT 1x PBS + 0.3% Triton-X100 (Sigma-Aldrich, Switzerland)
PBTN PBT + 2% Normal Donkey Serum (Jackson Immuno Research)
3.2.2 Extracellular GFP immunostaining protocol for wing imaginal discs
Procedure Larvae were dissected in ice cold Schneider’s Insect Medium (Sigma-
Aldrich, Switzerland), followed by incubation in primary antibody (1:200 for α-GFP,
Abcam ab6556) in Schneider’s Insect Medium on ice for 1h (shaking occasionally).
Incubation on ice is meant to reduce uptake of primary antibody in vesicular struc-
tures. Dissected discs were rinsed three times with ice cold PBS to wash off exessive
antibody and fixed for 20 min at RT in PBS fixative. After four rinses with PBT and
one wash in PBT for 20 min at RT tissue was blocked in PBTN for 2min at RT. After
blocking tissue was either incubated in α-Wg/Ptc antibodies in PBTN for 1.5h at RT,
subsequently rinsed three times in PBT and washed six times with PBT or directly
incubated with secondary antibody in PBTN for 1.5h at RT. This was followed by
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three rinses in PBT and three washes in PBT for 20 min each. Finally, PBT was re-
moved and discs were mounted in Vectashield fluorescent mounting medium (H-1000,
Vecta Laboratories U.S.).
Solutions
10x PBS 2g KH2PO4, 1.25ml 10N NaOH, 80g NaCl, 2g KCl, 6.1g Na2HPO4,
fill up to 1L with H2O
PBS fixative 1x PBS + 4% Paraformaldehyde
PBT 1x PBS + 0.3% Triton-X100 (Sigma-Aldrich, Switzerland)
PBTN PBT + 5% Normal Donkey Serum (Jackson Immuno Research)
3.2.3 Antibodies
All antibodies used in Harmansa et.al. are listed in the methods section of the public-
ation. gp α-Dll was used preabsorbed at 1/2000 dilution (a gift from Carlos Estella).
3.3 Generation of transgenic flies
3.3.1 Cloning of EGFP::Dpp and vhhGFP4::CD8::mCherry contructs
pUASTLOTattB_EGFP::Dpp
In the Dpp-GFP plasmid obtained from S. Cohen, we replaced the GFP with EGFP.
Then, we inserted the EGFP::Dpp in the multiple cloning site of the pUASTLOTattB
vector [176] using standard cloning procedures.
pUASTLOTattB_VHH-GFP4::CD8::mCherry
In the pUAS::CD8::GFP plasmide [177] we inserted the vhh-GFP4 fragment between
the signal peptide and the coding sequence of the mouse CD8 protein. Since we wanted
to use this construct in combination with EGFP::Dpp, we replaced the GFP by a
mCherry (Clonetech). Finally, the vhh-GFP4::CD8.mCherry fragment was cloned
into the multiple cloning site of the pUASTLOTattB vector [176].
pUASTattB_VHH-KDRL
The signal peptide of CD8 was fused to the vhhGFP4 fragment and the KDRL se-
quence (AAGGACGAGCTG) [178] was inserted c-terminally to vhhGFP4. Finally,
the construct was cloned into pUASTattB [179].
3.3.2 Transgenesis using the attB/attP system
For generation of transgenic flies we used the attB/attP system developed by Bischof
et.al.[179]. For injection in wild type background flies homozygous for attP 35B land-
ing site on the second and the ΦC31 integrase on the first chromosome were used. In
order to create fly lines carrying these constructs in dpp mutant background, the attP
35B landing site was recombined with either the dppd8 or dppd12 mutant allel and
balanced over CyO and carrying the ΦC31 integrase on the first chromosome. For
injection endotoxin free plasmid DNA was prepared using the Nucleo Bond Xtra Midi
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Plus EF kit (Macherey-Nagel). Endotoxin free DNA was used at 300ng/μl concentra-
tion and centrifuged at 4°C max. speed for 30 min. before injection and subsequently
kept on ice. Embryos of above described genotypes were collected on grape juice
plates with some yeast paste, dechorionized in 3.5% sodium hypochloride solution (2
min.), aligned and transferred onto a glass slide using embryo glue. Embryo glue is
obtained by dissolving the glue of adhesive tape in heptane. Aligned embryos were
dried with a standard cold-air hair dryer for 5 min., covered with VOLTALEF H10S
oil (ATOFINA) and injected with the DNA solution (300ng/µl) into the posterior
end. Freshly injected embryos were kept at 18°C for one day and then transferred to
25°C until hatching. Adult survivors were crossed with balancer flies ( w ; IF / CyO ;
TM3 / TM6 ) and the progeny was screened for w+ eye colour, indicating successful
germ line transformation.
3.3.3 Removal of either UAS or LOP sites
The resulting fly lines respond to LexA[86] and Gal4[85] transcriptional activators.
In order to excise either the UAS or the LOP site in a mutually exclusive manner flies
were crossed to flies carrying the Crey recombinase. Resulting fly lines either respond
to Gal4 or LexA transcriptional activator. The response was either screened for by
transgene expression, crossing the resulting lines to Gal4 and LexA driver lines, or
by PCR as described in Kanca et.al.[176]. For PCR screening, we extracted DNA
from single flies (see protocol below) which was used as a PCR template using the
following primers:
Lex 5’ GCT AGC GGA TCC TAA TCT TAC CTC G 3’
UAS 5’ GTT ATG CCT GCA GGT CGG 3’
HS_linker_rev 5’ GGA GAG AAC TCT GAA TAG GGA ATT GG 3’
Excision of the LOP site (UAS site present) results in a ~420bp band using primers
UAS + HS_linker_rev, whereas excision of the UAS site (LOP site present) results in
a ~500bp band using primers Lex + HS_linker_rev. Using this approach allowed us
to generate Morphotrap lines that either respond to both Gal4 and LexA (LOP/UAS-
morphotrap), only to LexA (LOP-morphotrap) or only to Gal4 (UAS-morphotrap).
3.3.4 Single fly DNA extraction
Squishing buffer:
• 970μl ddH2O
• 10μl 1M Tris-HCl (pH 7.5)
• 5μl 500mM EDTA (pH 8.0)
• 5μl 5M NaCl
• 10μl proteinase K (20μg/μl)
Single anesthetized flies (kept over CO2 for several minutes) are transferred into PCR
tubes and crushed using a pipet tip loaded with 50μl of squishing buffer. Once crushed,
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the squishing buffer is expelled and mixed with the crushed fly by pipetting up and
down several times. For protein degradation this mixture is incubated for 30 min. at
37°C, followed by 2 min. at 95°C for heat-inactivation of proteinase K. 1μl of this
mixture was used as PCR template. Extracted DNA can be stored at 4°C for up to
one month.
3.4 Staging of Drosophila larvae and generation of quantitat-
ive data sets
3.4.1 Staging of embryos and collection of larvae
Fly stocks used for experiments were feed well over several generations to ensure that
flies are in good shape, reducing variability in offspring size. For embryo collections
flies were kept in standard fly vials (with polenta and yeast). Best results were
obtained under non-crowded conditions with ~30-40 female and ~10 male flies per
tube. Crosses were preferentially set a few days before the actual collection. Before
collection flies were anesthetized over CO2 for 3 min. and afterward allowed to recover
for minimum 30 min. The CO2 anesthetization is meant to relax abdominal muscles of
females flies, allowing deposition of old eggs, as described in Hamaratoglu et.al.[164].
Embryo were collected and grown in an incubator at 26°C. When larvae had reached
the stage of interest, they were dissected, stained and processed according to the
protocols in 3.2.1 and 3.2.2. Since only larvae older than approximately 100h AEL
crawl out of the food, we used 30% Glycerol, which makes larvae float and easy to
collect. Whenever genotypes were clearly distinguishable from each other under the
microscope, larvae of different genotypes were processed and stained in the same tubes
to further reduce variation. Dissected larvae were stained for the targets of interest,
Wg and Ptc. The later two markers were used as landmarks that marks the A/P
(Ptc) and the D/V boundary (Wg).
3.4.2 Mounting and imaging of quantitative data sets
To minimize variation, all wing discs of one data set were mounted on the same slide,
using larval brains as spacers. Imaging was done using a Leica SP5 confocal micro-
scope (40x oil objective). Stacks were aquired with 1μm distance between single slices.
For each data set aquired we tested if imaging conditions were within the linear ima-
ging range. To do so, a dilution series of the secondary antibody in Vectashield was
imaged with the identical setting used to image the data set. A slide only contain-
ing Vectashield was imaged as background measurement. In ImageJ mean intensities
of the different dilutions were computed using the histogram function on the aver-
age projection of 10 consecutive slices. After subtraction of the background value,
mean intensities were plotted against the relative concentration in Excel software
(Microsoft). If imaging conditions are within the linear range, fluorescence intensities
are proportional to secondary antibody concentration, i.e. they fall on a straight line
when plotted against secondary antibody concentration.
Further computation was done in ImageJ using the WingJ plug-in [180] (http://
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Figure 11: Computation of average concentration profiles
1, The ImageJ plug in WingJ semi-automatically detects the A/P and D/V boundary and
the pouch outlines (1 top). To extract profiles, the area of interest can be expanded manually
to the whole disc width (1 bottom). 2, Using the before computed structure model, concen-
tration profiles are extracted parallel to the D/V boundary. 3, Single profiles are fused to
an average concentration profile in Matlab.
lis.epfl.ch/wingj). WingJ allows a semi-automated detection of the wing pouch struc-
ture using the pattern of the Wg/Ptc staining (see Fig.11-1 top). However this allows
only to extract and measure protein levels within the pouch region of the disc. Espe-
cially for visualization of Brk concentrations (which are highest at the lateral edges
of the wing disc) concentration profiles covering the whole disc primordium are ad-
vantageous. We therefore manually expanded the are of measurement to the whole
width of the wing disc (see Fig.11-1 bottom). Using this structure “model” WingJ
can extract concentration profiles at different distances, parallel to the D/V bound-
ary (Fig.11-2). For the EGFP::Dpp rescued genotypes we obtained the best profiles
measuring with a 30% dorsal offset. In a final step, single profiles were computed in
Matlab software (MathWorks) using the benchmark_expression_profile.m script to
create average concentration profiles (Fig.11-3).
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4 Results
The results of this study concerning the impact of Dpp spreading on wing disc growth
control were released in the interdisciplinary journal Nature and the results of the
publication are found in the following section. In addition, some unpublished results
investigating the impact of Dpp originating from the posterior edge of the wing disc
on growth control are included in section 4.2.1. We also tested the dependence of
the expression of the inhibitory Smad Dad on the spreading of Dpp in section 4.2.2.
In order to illustrate the diverse use of the morphotrap technique for developmental
biology, I also tested the requirement for Wg spreading on pattering and size control
using morphotrap. Finally, I will show preliminary results on the characterization of
a morphotrap construct localized to the endoplasmic reticulum and its use in blocking
morphogen secretion, and hence signalling. These results are found in section 4.3.
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Abstract
Drosophila Decapentaplegic (Dpp) has served as a paradigm to study morphogen-
dependent growth control. However, the role of a Dpp gradient in tissue growth re-
mains highly controversial. Two fundamentally different models have been proposed:
the ‘temporal rule’ model suggests that all cells of the wing imaginal disc divide upon a
50% increase in Dpp signalling, whereas the ‘growth equalization model’ suggests that
Dpp is only essential for proliferation control of the central cells. Here, to discriminate
between these two models, we generated and used morphotrap, a membrane-tethered
anti-green fluorescent protein (GFP) nanobody, which enables immobilization of en-
hanced (e)GFP::Dpp on the cell surface, thereby abolishing Dpp gradient formation.
We find that in the absence of Dpp spreading, wing disc patterning is lost; how-
ever, lateral cells still divide at normal rates. These data are in line with the growth
equalization model, but do not fit a global temporal rule model in the wing imaginal
disc.
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Introduction
Morphogens regulate patterning and growth of tissues and organs by forming long-
range gradients from regions of high concentration (the source) to regions of low con-
centration (the adjacent target field)1–5. In Drosophila, the vertebrate bone morpho-
genetic protein (BMP)2/4 homologue Dpp is studied extensively in the wing imaginal
disc. This larval precursor of the fly wing is subdivided into an anterior and a pos-
terior compartment6,7. Dpp is expressed in a stripe of anterior cells adjacent to
the compartment boundary8, forming long-range anterior and posterior extracellular
gradients in the target field9–11. The Dpp gradient is transduced by its receptors
Thickveins (Tkv)12 and Punt13 and translated into an intracellular gradient of phos-
phorylated Mothers against dpp (p-Mad)14. Dpp signalling suppresses transcription
of brinker (brk)15–17, a repressor of Dpp target gene transcription14 and a repressor
of growth18. This results in high p-Mad levels (high Dpp signalling) in the medial
region of the wing disc and high Brk levels (low Dpp signalling) in the lateral region
of the wing disc. The interplay of p-Mad and Brk coordinates the expression profiles
of other Dpp targets, such as spalt (sal), optomoter blind (omb; also known as bifid)
and daughters against dpp (dad)19–21. In addition to its role in patterning, Dpp is a
key regulator of growth; overexpression of Dpp promotes wing disc overgrowth22,23,
while dpp mutant wing discs remain very small24.
To our knowledge, the requirement for Dpp spreading has never been explicitly
tested by, for example, blocking Dpp dispersal by tethering it to the cell membrane,
as has been done for the Wingless (Wg) morphogen25–27. The available experimental
evidence strongly supports an instructive and essential role for Dpp spreading in
the control of patterning (reviewed in refs 14, 28, 29). However, the role of Dpp
spreading in growth control is highly controversial5,28,30,31. Two major models have
been suggested to explain how the Dpp gradient controls uniform proliferation and
growth of the wing disc. One model, the temporal rule, suggests that all cells of
the wing imaginal disc compute the level of Dpp and divide upon a 50% increase
in Dpp signalling. In contrast, the growth equalization model proposes that Dpp
sustains the proliferation of medial cells by the removal of the growth repressor Brk,
while the proliferation rate of lateral cells is limited by Brk to rates that can be
sustained by medial cells, resulting in a uniform proliferation profile along the wing
disc tissue28,32–34. In the growth equalization model, the Dpp/Brk system is not
a growth promoter but is rather a growth-modulatory system, ironing out inherent
regional differences in proliferation rates32. To study the role of Dpp spreading in
wing disc patterning and growth better, we designed and experimentally established
a novel approach to manipulate morphogen spreading in vivo.
Nanobody-mediated morphogen trapping
To manipulate the Dpp gradient in vivo, we designed and implemented a synthetic
morphogen trapping system consisting of a GFP-tagged morphogen (in our case,
eGFP::Dpp) and a generic extracellular GFP trap (VHH-GFP4::CD8::mCherry; re-
ferred to as morphotrap) (Fig. 1a). Our eGFP::Dpp construct is based on a previously
published fusion protein9 and was implemented as a LexA inducible transgene (see
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Figure 1 - Morphotrap can block eGFP::Dpp spreading.
a, The morphotrap system. b, Optical cross-section (left, middle) and schematics (right)
along the apical-basal (A-B) axis of a wing disc expressing morphotrap in the wing pouchdisc
proper (DP) cells only (nubbin::Gal4 ). Morphotrap is localized all along the cell membrane
(in red), both apical (arrow) and basal to the junctional marker Discs-large (Dlg; in green).
Peripodial membrane (PPM). c, Schematic representation of eGFP::Dpp (LexA/LOP) and
morphotrap clones (Gal4/UAS). For all discs anterior (A) is oriented to the left and dorsal
(D) is oriented to the top. d, A wild-type wing disc expressing eGFP::Dpp in the Dpp
stripe (dpp::LG), visualized by eGFP fluorescence (left) or by extracellular GFP staining
(exGFP) (middle). Fluorescence intensity profile of the region marked by a red rectangle
(right). a.u., arbitrary units. e, Lateral morphotrap clones trap extracellular eGFP::Dpp. f ,
Gradient formation is blocked by co-expression of eGFP::Dpp and morphotrap in the Dpp
stripe (both expressed by dpp::LG). g, Co-expression of eGFP::Dpp and morphotrap in the
stripe fully blocks Dpp spreading since additional morphotrap clones do not show eGFP
signal (see insets in second panel from the left).
Reprinted by permission from Macmillan Publishers Ltd: Nature (Harmansa et.al. 2015,
DOI: 10.1038/nature15712), copyright (2015)
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Methods and Extended Data Fig. 1a). Morphotrap (VHH-GFP4::CD8::mCherry)
represents a fusion protein consisting of an extracellular, single-domain nanobody
against GFP35 (and cognate fluorescent tags, including eGFP), followed by the mouse
CD8 transmembrane domain and a cytoplasmic mCherry fluorescent tag. Morphotrap
was implemented as a Gal4-inducible transgene as well as a LexA-inducible transgene
(see Methods). The principle idea behind morphotrap is to immobilize the extracellu-
lar fraction of eGFP::Dpp in Drosophila tissues in a controlled spatial manner, either
in the presence or the absence of wild-type Dpp (Fig. 1a).
Expression of eGFP::Dpp by the dpp-LG LexA driver line in a dppd8/d12 mutant
background restored proper Dpp signalling in the wing tissue such that the size and
pattern was rescued to a large extent and adult flies developed (Extended Data Fig.
1). These results show that our eGFP::Dpp fusion protein acts as a good surrogate
for Dpp in the wing disc.
Morphotrap localizes along the basolateral and apical surface of wing disc cells
(Fig. 1b), and does not interfere with Dpp signalling or cell survival when expressed
at high levels (Extended Data Fig. 2a–e). Therefore, morphotrap can be expressed at
high levels and accumulates around the expressing wing disc cells without interfering
with cell division and patterning.
Morphotrap can modify the Dpp gradient
We then tested whether exposing morphotrap on the cell surface locally modified
the extracellular concentration of eGFP::Dpp. We generated random small clones
of morphotrap in wild-type wing discs expressing eGFP::Dpp in the domain of dpp
transcription. To set apart the induced morphotrap clones from the cells expressing
eGFP::Dpp, we used Gal4 and LexA drivers to induce morphotrap and eGFP::Dpp,
respectively (Fig. 1c; see Methods). In control discs, in which no clones were gen-
erated, eGFP::Dpp formed a bilateral extracellular concentration gradient visualized
by sensitive extracellular immunostainings against eGFP (Fig. 1d). The eGFP signal
dropped below detection levels at a distance of approximately 60 µm from the medial
eGFP::Dpp source. In discs in which small clones expressing morphotrap had been
generated, we detected high levels of extracellular eGFP::Dpp coating the surface of
the clone cells, even when the clones were located in regions in which eGFP::Dpp
was not detected otherwise (Fig. 1e). These results show that morphotrap is able to
sequester extracellular eGFP::Dpp, even in areas of low or non-detectable eGFP::Dpp.
Trapped eGFP::Dpp was active in signalling, since morphotrap clones located in
the lateral region of the disc showed increased p-Mad levels, mainly along the edge
facing the eGFP::Dpp source (Extended Data Fig. 2f, g). The results show that
eGFP::Dpp disperses over the entire width of the disc, although its levels cannot
normally be detected above background levels in the lateral regions using fluorescent
microscopy (see also ref. 30). We conclude that eGFP::Dpp can interact with its
receptors when bound to the cell surface by morphotrap and that lateral cells can
respond to Dpp.
To investigate whether morphotrap was able to interfere with the formation of
the extracellular concentration gradient of eGFP::Dpp when expressed in the source
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cells, we expressed both eGFP::Dpp and morphotrap in wild-type wing discs in the
domain of dpp transcription. Under these conditions, we did not detect any dispersal
of eGFP::Dpp using antibody staining (Fig. 1f), suggesting that eGFP::Dpp cannot
leave the source region owing to tethering to secreting cells. Furthermore, clones
expressing morphotrap in lateral cells did not accumulate any eGFP::Dpp on the cell
surface in these conditions, neither did clones in the vicinity of the eGFP::Dpp source
(Fig. 1g, middle; see insets). These results demonstrate that morphotrap fully retains
eGFP::Dpp on source cells and completely abolishes the formation of the extracellular
concentration gradient of eGFP::Dpp.
Figure 2 - Blocking Dpp spreading results in a sharp p-Mad/Brk transition.
a, Representative dppd8/d12 mutant wing disc rescued with eGFP::Dpp (rescue) and stained
for exGFP (grey). b, Left, exGFP signal in a disc co-expressing eGFP::Dpp and morphotrap
(dpp-LG, co-expression) in a dppd8/d12 mutant. Right, magnification of the region marked
by the rectangle on the left, showing that all signal is from anterior cells where Dpp is
expressed. A/P boundary is determined by Ptc staining (green) and marked by a dotted
line. Approximate domain size is marked by arrowheads. c, d, p-Mad staining in rescue
(c) and co-expression (d) wing discs. e, f , Brk staining in rescue (e) and co-expression (f)
wing discs. g–f , Average fluorescence intensity profiles of 98-100h after egg laying (AEL)
old larvae measured to the edge of the wing disc of rescued (g) and co-expression (h) wing
discs. Profiles were measured with 30% dorsal (D) offset parallel to the dorso/ventral (D/V)
boundary (see Methods for details). Error bars show standard deviation (s.d.).
Reprinted by permission from Macmillan Publishers Ltd: Nature (Harmansa et.al. 2015,
DOI: 10.1038/nature15712), copyright (2015)
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Dpp spreading is required for patterning
The function of dpp for patterning the wing disc has been studied extensively11,36,37.
However, how a loss of Dpp spreading would affect target gene expression has not been
tested directly. To compare Dpp signalling responses in control dppd8/d12 wing discs
rescued by eGFP::Dpp (eGFP::Dpp gradient is present) to Dpp signalling responses
in dppd8/d12 wing discs expressing both eGFP::Dpp and morphotrap in the expression
domain of dpp (eGFP::Dpp gradient is absent; Methods and Fig. 2), we performed
immunostainings against p-Mad, Brk, Sal and Omb. In control discs, p-Mad, Sal and
Omb formed three bilateral gradients of different widths, Sal being the narrowest and
Omb being the widest (Fig. 2c, g and Extended Data Fig. 3a); Brk was only detected
in the most lateral regions of the discs (Fig. 2e, g). In contrast, when eGFP::Dpp
and morphotrap were co-expressed, Dpp spreading and hence gradient formation was
fully blocked throughout development (Extended Data Fig. 4a–c). In these discs, the
p-Mad, Sal and Omb gradients collapsed in the posterior compartment to a single
row of cells abutting the anterior source of eGFP::Dpp (Fig. 2d, h and Extended
Data Fig. 3b); high levels of Brk were detected in the posterior compartment up
to the source of Dpp, except for a single row of cells abutting the compartment
boundary (Fig. 2f, h). Similar results were obtained regarding target gene expression
in the anterior compartment upon trapping eGFP::Dpp in source cells (Fig. 2h and
Extended Data Fig. 3). In addition, we inhibited eGFP::Dpp dispersal in posterior
cells only (Extended Data Fig. 5); under these conditions p-Mad failed to form a
posterior long-range gradient and both Sal and Omb expression collapsed onto the
narrow p-Mad domain. Hence, wing disc patterning in the posterior compartment
was abolished (Extended Data Fig. 5a–f). Wings of flies with blocked or reduced
Dpp spreading lacked proper wing vein patterning (Extended Data Figs 3f and 9d,
f). Altogether, these results show that dispersal of Dpp is strictly required for the
patterning function of Dpp.
Dpp spreading and growth control
Despite numerous studies addressing the role of Dpp in the control of growth of the
wing imaginal disc, the conclusions drawn from different sets of experiments have
remained controversial. In the temporal rule model30,38, all disc cells compute the
increase in Dpp levels and divide upon a gain of 50%. In sharp contrast, the growth
equalization model28 proposes that lateral cells proliferate independently of Dpp (Fig.
3a). In line with this later model, Dpp signalling has been blocked in regions outside
of the wing pouch in several studies, without much effect on cell proliferation39,40.
However, it has not been possible to directly modulate the Dpp gradient at the protein
level until now, making it difficult to interpret the requirement of Dpp long-range
function in growth control.
To discriminate between these two growth control models, we aimed at using a
different experimental approach, directly eliminating the Dpp gradient at the protein
level using morphotrap. As described earlier, the elimination of the gradient leads to
the absence of Dpp signalling, that is, the target genes sal and omb are not expressed
in the wing epithelium beyond the source cells and the immediate neighbours, and the
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Figure 3 - The uniform proliferation pattern is independent of Dpp spreading.
a, Top, the temporal rule model of growth control. Bottom, the growth equalization model.
b, p-H3 staining in a representative dppd8/d12 mutant wing disc rescued with eGFP::Dpp.
The A/P boundary and the pouch outline are marked by dotted lines (right). c, e, Computed
p-H3 spots density (of n = 16 discs) in rescue (c) and co-expression (e) wing discs (see
Methods). d, p-H3 signal in a dppd8/d12 mutant wing disc co-expressing eGFP::Dpp and
morphotrap. f , Mitotic density in the anterior (P > 0.05) and posterior pouch (P > 0.05);
whiskers correspond to minimum and maximum data points.
Reprinted by permission from Macmillan Publishers Ltd: Nature (Harmansa et.al. 2015,
DOI: 10.1038/nature15712), copyright (2015)
Brk repressor is present at high levels in all cells beyond the Dpp source. We thus com-
pared the proliferation pattern of control dppd8/d12 wing discs rescued by eGFP::Dpp
to the proliferation pattern of dppd8/d12 wing discs expressing both eGFP::Dpp and
morphotrap in the expression domain of dpp, that is, we compared the growth rates
of wing disc cells in the presence and in the absence of eGFP::Dpp spreading. We
visualized the proliferation pattern of such wing discs by staining for phospho-histone
H3 (p-H3), a marker for mitotic cells. In wild-type wing discs, cell proliferation was
shown to be rather homogeneous in third instar wing discs7,41,42. Our quantitative
analyses showed that in discs rescued with eGFP::Dpp, the proliferation profile was
also uniform (Fig. 3b, c). Interestingly, blocking Dpp spreading neither affected the
uniform proliferation pattern (Fig. 3d, e) nor did we detect significant changes in the
mitotic density in wing imaginal discs during the observed developmental stages (Fig.
3f and Extended Data Fig. 4g–i).
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Figure 4 - Block of Dpp spreading does not affect clonal proliferation rates.
a–d, To estimate clonal proliferation rates in the posterior compartment, Raeppli was in-
duced 30 h before dissection (66–70 h AEL) and larvae were dissected at 96–100 h AEL. a,
Control disc. b, Disc with blocked Dpp spreading. c, Cell numbers per clone were counted
and plotted against the relative position in the posterior compartment (0 corresponding to
the A/P boundary and 1 to the posterior edge of the disc). d, Boxplots showing the number
of cells per clone for all data points (left plot, P > 0.05) or when the 1–3 cell clones are
excluded (right plot, P > 0.05).
Reprinted by permission from Macmillan Publishers Ltd: Nature (Harmansa et.al. 2015,
DOI: 10.1038/nature15712), copyright (2015)
To obtain a more global and more quantitative view of the cell division patterns,
we used the whole-tissue labelling tool Raeppli43 to induce differently marked clones in
control wing discs and in wing discs in which Dpp spreading was blocked by morpho-
trap (Fig. 4 and Extended Data Fig. 6). To compare the proliferation rates in the
presence or absence of Dpp spreading, we induced colour selection in clones at different
time points of development and quantitatively evaluated the resulting clone size after
defined time points (number of cells per clone). In control wing discs, clonal growth
rates were homogeneous along the anterior–posterior (A/P) axis (Fig. 4c, black dots).
When Dpp spreading was blocked, we observed that the majority of clones showed
similar growth rates to control clones, and we did not find a significant difference in
clonal proliferation between controls and discs with blocked Dpp spreading (Fig. 4d).
However, with blocked Dpp spreading, we also found low numbers of small clones
(1–3 cells) next to the A/P boundary (Extended Data Fig. 7). These small clones
were not found in control discs, in which Dpp spreading was normal. The presence of
such small clones might hint towards the fact that a subpopulation of wing disc cells
depend on Dpp signalling to divide and/or survive.
Both the p-H3 data and the Raeppli results demonstrate that the cells in the
lateral Brk domain do not depend on Dpp spreading to proliferate (in contradiction
with the temporal rule model), but rather that the proliferation rate is set by a
Dpp-independent system (in line with the growth equalization model).
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Figure 5 - The development of the medial but not the lateral wing disc requires
Dpp spreading.
a–k, Data set from 79–112 h AEL stained for Brk. a–d, Representative rescued wing discs of
four time points investigated. e, Magnification of area marked in d, visualizing the location
of medial (high Dpp signalling) and lateral (low Dpp signalling) domain (see Methods). f ,
Temporal development of domain width in the posterior compartment in rescued discs. g–j,
Representative co-expression wing discs. k, Temporal development of domain width in co-
expression wing discs, and size change of the lateral domain relative to control discs (rescue
n = 34, co-expression n = 37). f , k, Error bars show s.d.
Reprinted by permission from Macmillan Publishers Ltd: Nature (Harmansa et.al. 2015,
DOI: 10.1038/nature15712), copyright (2015)
Dpp spreading and size control
Using morphotrap in dpp mutant flies also allowed us to address how long-range
spreading of Dpp affects wing disc size control. We quantified and compared the
temporal growth profile of the posterior compartment of control dppd8/d12 wing discs
rescued by eGFP::Dpp to the growth profile of dppd8/d12 wing discs co-expressing
both eGFP::Dpp and morphotrap in the expression domain of dpp. We performed
immunostainings against Brk at different time points between 80 and 112 h after egg
laying (AEL). In control discs, the posterior compartment doubled in width during
the observed time window (Fig. 5a–d and Extended Data Fig. 8d). We delimited a
medial low Brk (indicating high Dpp signalling) zone and a lateral high Brk (indicating
low Dpp signalling) zone (Fig. 5e; see Methods); both zones increased in width at
the same speed, keeping a constant relative proportion of 1:1 (Fig. 5f), consistent
with published data44. In discs in which spreading of Dpp was abolished, the low
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Brk zone in the centre of the disc was reduced to a single medial row of cells in
the posterior compartment (see earlier and Fig. 5g–j). During the observed time
window, the lateral part of the posterior compartment showed similar widths and
width increases as the lateral high Brk zone of the posterior compartment of control
discs (Fig. 5k). Similar growth profiles were seen in discs expressing eGFP::Dpp in
the source stripe and morphotrap in the posterior compartment (Extended Data Fig.
5g). These results demonstrate that growth in the lateral region of the wing disc is
independent of the extracellular Dpp gradient and does not depend on the dynamics
of Dpp signalling. In support of this finding, similar growth dynamics were observed
for the anterior compartment (Extended Data Fig. 8a, b).
In contrast, the medial, Brk-negative region is lost when Dpp spreading is blocked,
suggesting that Dpp dispersal is important for growth control of the medial region,
in particular in the central wing pouch area. We therefore quantified wing pouch
size using the inner Wg-expression ring as a pouch marker. We measured the size
of the pouch in dpp mutant discs rescued with eGFP::Dpp, and compared it to the
pouch of discs in which either eGFP::Dpp dispersal was hindered in the posterior
compartment only, or in which the release of eGFP::Dpp from the anterior source was
completely blocked (Extended Data Fig. 9). Upon hindering Dpp spreading in the
posterior compartment, the size of the posterior pouch was reduced by approximately
40%. Strikingly, when we trapped eGFP::Dpp in the source, the size of the posterior
wing pouch was even further reduced (by more than 60%). These results indicate
that eGFP::Dpp spreading is essential for wing pouch growth. The analyses using
the whole-tissue labelling technique Raeppli (Extended Data Fig. 7) further showed
that small clones were found in the posterior compartment close to the compartment
boundary when morphotrap is expressed in source cells. Such clones were not found in
control discs. Together, these data show that Dpp signalling has an important role in
proliferation control of medial wing pouch cells, as indicated by earlier studies33,39,40,
and further suggest that the range of Dpp spreading might be crucially linked to the
size of the wing pouch region along the A/P axis.
Discussion
We used morphotrap, a novel approach to manipulate the extracellular Dpp gradient
in the wing imaginal disc. Expressing morphotrap in small clones of lateral wing
disc cells captures eGFP::Dpp in regions of the disc in which eGFP::Dpp cannot be
detected above background levels. This finding demonstrates that Dpp does disperse
over the entire wing imaginal disc, and that low Dpp levels could control cell behaviour
even in lateral regions. However, we find that while Dpp spreading is strictly required
for wing disc patterning, it is not essential for cell proliferation in the lateral region
of the wing disc. These results are in line with the growth equalization model but are
in disagreement with a disc-wide temporal rule model, and suggest that lateral cells
do not compute Dpp signalling levels to trigger cell division. It has been argued that
Dpp-independent Dpp signalling (in addition to Dpp-dependent Dpp signalling) might
control cell proliferation according to the temporal rule model45. This interpretation
was based on the observation that in genetic experiments in which Dpp signalling
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was eliminated by the concomitant genetic removal of brk and tkv (or brk and dpp),
certain Dpp targets were active owing to the absence of the potent Brk repressor31,38.
However, in our experiments using morphotrap, Dpp signalling was eliminated via the
removal of the Dpp gradient and led to the absence of Dpp target gene expression and
to the presence of high levels of Brk in the entire lateral wing disc. Therefore, in our
experimental setting, Dpp signalling was turned off in the lateral cells, yet these cells
divided at a normal rate, as quantitatively shown by our experiments using Raeppli.
Since cell division should be abolished (or altered) in the absence of Dpp signalling,
according to the temporal rule, our experiments reject a general, disc-wide temporal
rule model for wing disc growth control.
However, our data are entirely consistent with the proposal of the growth equal-
ization model, suggesting that Dpp spreading results in medial removal of Brk and
that this repression of brk represents an essential step in the formation of the wing
pouch tissue33. Our results support the suggestion made by the growth equalization
model that the wing disc tissue consists of two regions with different requirements for
Dpp signalling, namely a medial region that depends on Dpp signalling to grow and
a lateral region that grows independent of Dpp.
While the growth equalization model does not explain final organ size, our results
suggest that the range of Dpp spreading is linked to the size of the wing pouch (albeit
not to the entire disc). In a number of elegant studies, the range of Wg signalling was
suggested to control pouch growth via a feed-forward recruitment mechanism27,46,
presumably together with Dpp. Interestingly, the replacement of the major endogen-
ous Drosophila Wnt, Wg, with one that expresses a membrane-tethered form of the
protein, showed that Wg spreading and gradient formation is dispensable for pattern-
ing and to some extent for growth of the pouch26. In contrast, our results on Dpp
strongly support the notion that Dpp spreading is essential for its role in pouch pat-
terning and size control. Getting a better understanding of the control of wing pouch
growth will require the combinatorial manipulation of the Dpp and the Wg signalling
pathways to study individual pathway outputs as well as their mutual interactions at
different time points throughout larval development. Furthermore, it will be of major
importance to study the interactions of the morphogen systems with other growth
control systems (for example, the insulin–phosphatidylinositol-3-OH kinase and the
Hippo pathways) to better understand the control of final organ size47. The addition
of the morphotrap and the Raeppli techniques to such analyses will help gain better
insight into how morphogens control organ growth.
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Methods
Fly strains
The following fly lines were used: y1w1118 (wild type), dpp-LG86Fb and LOP::mCherry-
CAAX (K. Basler48), tub > CD2,Stop > Gal4 (F. Pignioni). P{Cre}1b was obtained
from Bloomington. hh-Gal4, dpp-Gal4, nub-Gal4, dppd8 and dppd12 are described in
FlyBase (http://www.flybase.org).
Genotypes by figure
Figure 1b: w; nub-Gal4 / UAS-morphotrap; Fig. 1d: w; LOP-eGFP::Dpp / +;
dpp-LG / +; Fig. 1e: yw, hsFlp; tub > CD2,Stop > Gal4, LOP-eGFP::Dpp / UAS-
morphotrap ; dpp-LG / +; Fig. 1f: w; LOP-eGFP::Dpp / LOP-morphotrap ; dpp-LG
/ +; Fig. 1g: w, hsFlp ; LOP-eGFP::Dpp, tub > CD2,Stop > Gal4 / LOP/UAS-
morphotrap ; dpp-LG / +.
Fig. 2a, c, e: w; LOP-eGFP::Dpp, dppd12 / dppd8 ; dpp-LG / +; Fig. 2b, d, f: w;
LOP-eGFP::Dpp, dppd12 / LOP-morphotrap, dppd8 ; dpp-LG / +;
Fig. 3b, c: w; LOP-eGFP::Dpp, dppd12 / dppd8 ; dpp-LG / +; Fig. 3d, e: w;
LOP-eGFP::Dpp, dppd12 / LOP-morphotrap, dppd8 ; dpp-LG / +;
Fig. 4a: yw, hsFlp; LOP-eGFP::Dpp, dppd12 / dppd8 ; dpp-LG, hh-Gal4 / 2×LOP
/ UAS::Raeppli; Fig. 4b: yw, hsFlp; LOP-eGFP::Dpp, dppd12 / LOP-morphotrap,
dppd8 ; dpp-LG, hh-Gal4 / 2×LOP / UAS::Raeppli; Fig. 5a–d: w; LOP-eGFP::Dpp,
dppd12 / dppd8 ; dpp-LG / +;
Fig. 5g–j: w; LOP-eGFP::Dpp, dppd12 / LOP-morphotrap, dppd8 ; dpp-LG / +.
Molecular cloning
For pUASTLOTattB_eGFP::Dpp, GFP was replaced by eGFP in the Dpp-GFP
plasmid9 (obtained from S. Cohen). Then, eGFP::Dpp was inserted in the multiple
cloning site of pUASTLOTattB vector43 by standard cloning procedures.
To create pUASTLOTattB_VHH-GFP4::CD8::mCherry, we inserted the
VHH-GFP4 fragment after the signal peptide sequence of the mouse CD8 domain in
the pUAS::CD8::GFP plasmid49. We replaced the GFP by a mCherry (Clonetech)
and finally cloned the VHH-GFP4::CD8::mCherry fragment into the
pUASTLOTattB vector43.
Transgenes were inserted by phiC31-integrase-mediated recombination into the 35B
region on the 2nd chromosome. Resulting fly lines are responsive to LexA (ref. 48)
and Gal4 (ref. 50) transcriptional activators. By crossing these flies to
Crey-expressing flies, either the UAS or the LOP site is being excised in a mutually
exclusive manner. Excision was screened for by PCR as described previously43.
Creation of wing disc data sets
Flies were kept in standard fly vials (containing polenta and yeast) in a 26 °C incub-
ator. Larvae were staged as described previously44. In our data sets, we only included
male larvae, which were positively selected for the presence of the genital disc. All
male larvae of a collection were dissected and further processed to obtain maximum
sample numbers.
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Statistics and data representation
The phenotypes observed and quantified (pattern and size) differ strikingly from con-
trols; therefore no sample size estimation was performed. However, sample number
was chosen to ensure statistical significance, which was assessed using a two-sided Stu-
dent’s t-test with unequal variance. No randomization was done, however all larvae
of an experiment were kept in the same incubator, as well as dissected and processed
together using identical solutions in order to minimize variation between the differ-
ent experimental groups. Blinding was not possible due to the obvious phenotypes
observed. For quantitative measurements, the centre values represent the arithmetic
mean and the error bars show standard deviation, expect for boxplots (Fig. 3f, Fig. 4d
and Fig. 5k, bottom), where centre value correspond to the median and the whiskers
mark the maximum and minimum data points.
Immunostainings and image acquisition
Staged larvae were dissected and transferred directly to cold fixative (4% PFA in
PBS) and fixed for 20 min at room temperature or 40 min at 4 °C (for p-Mad and
Brk stainings) rotating. After fixation, discs were extensively washed with PBT (PBS
plus 0.3% Triton-X) and blocked in PBTN (PBT plus 2% normal donkey serum;
Jackson Immuno Research Laboratories) for 30 min at room temperature, followed
by incubation with primary antibody overnight at 4 °C. The next day discs were
washed in PBT six times for 20 min and incubated in secondary antibody for 1.5 h at
room temperature on a rotor. After another round of washes with PBT, samples were
mounted in Vectashield (H-1000, Vector Laboratories). All discs of one data set were
mounted on the same slide using larval brains as spacers. For all quantitative data
sets we made sure that imaging conditions allowed acquisition of data in the linear
range (Extended Data Fig. 10). For high-resolution imaging along the z-axis (Fig.
1b), discs were mounted with double-sided tape as spacers to avoid squeezing of the
discs. The extracellular GFP staining was done as described previously51. Images
were acquired on a Leica SP5 confocal microscope (section thickness 1 µm for data
sets, 0.13 µm for optical cross-section in Fig. 1b).
BrdU labelling
Discs were dissected in Schneider’s insect medium, followed by a 1 h incubation in
Schneider’s plus 75 µg ml−1 BrdU (Sigma, B5002) at room temperature. This was
followed by two 5 min washes in Schneider’s and one 5 min wash in PBS. Then discs
were fixed for 15 min in PBS plus 4% PFA, followed by another 15 min fixation in
PBS plus 4% PFA plus 0.6% Triton-X-100. Discs were permeabilized for 60 min
in PBS plus 0.3% Triton-X-100 and transferred to a 1:1 mixture of PBS plus 0.6%
Triton-X-100: 4 N HCl for 30 min. This was followed by extensive washes in PBS
plus 0.3% Triton-X-100. Discs were incubated overnight in anti-BrdU (1:100, Becton
Dickson, 347580) in PBS plus 0.3% Triton-X-100. Washing, incubation in secondary
antibody and mounting were done as described earlier.
Antibodies
rb-anti-p-Mad (1:1,500; E. Laufer52,53); rb-anti-phospho-Smad1/5 (1:200; Cell Signal-
ing, 9516S; used in Extended Data Fig. 4d–f); gp-anti-Brk (1:1,000; Gines Morata);
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rb-anti-Sal (1:40; R. Schuh54); rat-anti-Sal (1:700; R. Barrio55); rb-anti-Omb (1:1,200;
G. O. Plugfelder56); m-anti-Wg (also known as 4D4-s; 1:120; DSHB, University of
Iowa); m-anti-Ptc (also known as Apa1-s; 1:40; DSHB, University of Iowa); rb-anti-
GFP (1:200 for extracellular staining; Abcam ab6556); anti-BrdU (1:100; Becton
Dickson, 347580). All secondary antibodies from the AlexaFluor series were used at
1:750 dilutions except for Alexa405-anti-rb and Alexa680-anti-m, which were used at
1:500 dilutions; CF405S-anti-gp was used 1:1,000 (Sigma-Aldrich).
Image processing
Images were processed using ImageJ (National Institutes of Health) software. Con-
centration profiles in Fig. 1, Extended Data Fig. 3 and Extended Data Fig. 45f,
right, were created using the Plot Profile function in ImageJ. Optical cross-section
in Fig. 1b was created using the section function in Imaris (Bitplain) software. We
made use of the Wg/Ptc co-staining44, which outlines the wing pouch (Wg), the D/V
boundary (Wg) and the A/P boundary (Ptc, see also Extended Data Fig. 2). Quan-
tification of wing pouch size and extraction of average gradient profiles (Figs 2g, h,
3f and Extended Data Figs 1f, 2d, e, 4c,f, i, 5e, 8fg, 9g) were done using the WingJ
software57 (http://tschaffter.ch/projects/wingj/, last visited on October 20th 2015).
For measuring gradient profiles in WingJ, we used average projections of ten consec-
utive slices spanning the disc proper epithelium only. Gradient profiles were extracted
using WingJ software either only in the pouch (Extended Data Fig. 2) or up to the
edge of the wing disc (Fig. 2 and Extended Data Fig. 4), which allowed a better
representation of lateral Brk profiles. Profiles were measured with a Sigma of 4px
and either 15% ventral offset (for Extended Data Fig. 2e) or 30% dorsal offset (for
all other profiles) parallel to the D/V border (marked by the Wg staining). Plotting
of average concentration profiles was done applying the Matlab toolbox included in
WingJ using the Matlab (Matworks) software.
Generation of mitotic density maps
Wing discs were staged and stained for Wg/Ptc and p-H3, a marker labelling mitotic
cells. p-H3-positive nuclei were detected using the Imaris software (Bitplane) spot
detection tool; peripodial nuclei were excluded from the following computation. Each
disc was marked at 15 landmarks (see Extended Data Fig. 8e). Sixteen discs of one
time point were fitted to a reference disc using these landmarks by an affine transform-
ation (least square, Fiji–Landmark correspondence plug-in). All data points of these
16 discs were included in a scatter plot using the Scatplot script (A. Sanchez-Barba;
http://www.mathworks.com/matlabcentral/fileexchange/8577-scatplot) in Matlab. The
Scatplot visualizes data point density by a colour map, with high-density regions ap-
pearing in red and low-density regions in blue.
The mitotic density in Fig. 3f was calculated by normalizing the number of p-
H3-positive cells in the anterior or posterior pouch to the corresponding pouch area.
Statistical significance was assessed using a two-sided Student’s t-test with unequal
variance.
Induction and computation of Raeppli clones
In our experiments we used two copies of nuclear Raeppli, resulting in ten different
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colour combinations after induction (see Kanca et al.43). The larvae were staged
as described earlier and dissected at 96–100 h AEL. Raeppli was induced by heat
shock (38 °C for 15 min) at three different developmental time points: 55–59 h AEL
(~41 h before dissection), 66–70 h AEL (~30 h before dissection) or 76–80 h AEL
(~20 h before dissection). Discs were fixed in 4% PFA in PBS for 20 min at room
temperature, washed in PBT extensively and mounted in Vectashield (H-1000, Vector
Laboratories). Images were acquired on a Leica SP5 confocal microscope using the
settings suggested previously43. Number of cells per clone was counted using the
‘multi-point tool’ in ImageJ software (National Institutes of Health). A two-sided
Student’s t-test with unequal variance was used to test for statistical significance.
Measuring growth of the medial and lateral domain of the wing disc
To compare the growth dynamics of the medial (high Dpp signalling) and the lateral
domain (low Dpp signalling), we define the position of half-maximum Brk levels as
the boundary between these two domains. The position of half-maximum Brk levels
was accessed by extracting Brk intensity profiles along a straight line with 30% dorsal
offset parallel to the D/V boundary (Extended Data Fig. 8f–l) in each disc individu-
ally. Subsequently single Brk profiles—separately for the anterior and the posterior
compartment—were fit to a Hill function (see Extended Data Fig. 8f, graph 3) using
the fitting-toolbox in Matlab. For fitting we excluded the lateral-most signal, which
is noisy due to folds and signal form the peripodial membrane. The Hill function to
which we fit the Brk profiles returns four parameters: the amplitude A, a measure for
how sharp the profile drops n, a constant offset C, and the position of half-maximum
Brk levels k (kA and kP for the anterior and the posterior compartment, respectively).
To access the width of the lateral domain, we measured the width of the full com-
partment LA and LP for the anterior and the posterior compartment, respectively.
Since kA equals the width of the anterior medial domain, LA − kA equals the width
of the anterior lateral region, and accordingly LP − kP equals the width of the pos-
terior lateral domain. Medial domain width in case of the posterior compartment in
eGFP::Dpp morphotrap co-expressing wing discs was not fit to a Hill function, since
in this condition only one cell row experiences Dpp signalling during the observed
time window (equalling a width of 3.5 µm on average).
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Extended Data Figure 1 - eGFP::Dpp can compensate for endogenous Dpp dur-
ing wing disc development.
a, Part of the protein sequence of the Dpp protein. The two different eGFP insertion
sites9,10, and the two furin cleavage sites58 located in this region are marked. Furin cleavage
of the inactive pro-form yields the active carboxy-terminal mature ligand. However, potential
processing at cleavage site II may result in uncoupling of the eGFP from the mature ligand
in the construct described previously10. We therefore inserted the EGFP C-terminal to the
second furin cleavage site as was done previously9. b–d, Immunostainings for p-Mad and
Brk in wild-type (b), dppd8/d12 mutant (c) and dppd8/d12 mutant wing discs rescued with
eGFP::Dpp expressed under control of the dpp::LG48 line (d). In the dppd8/d12 mutant wing
discs expressing eGFP::Dpp, the p-Mad and Brk profiles are rescued to a control-like pattern
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(d, bottom). The pouch outline and the A/P boundary (assessed by Wg/Ptc pattern, data
not shown) are marked by dotted lines. e, The eGFP::Dpp gradient visualized by eGFP
fluorescence or by an immunostaining for the extracellular fraction of eGFP (bottom). f ,
Quantification of wing pouch area assessed by the inner Wg ring of 98–100 h old wing
discs (wild type n = 6, dppd8/d12 mutant n = 10, rescue n = 10; red crosses are outliers).
eGFP::Dpp expression in dppd8/d12 mutants rescues pouch area close to wild-type size. g–i,
Wing discs of 98–100 h old larvae stained for the inter-vein marker Drosophila Serum response
factor (DSRF, also known as blistered). DSRF is expressed in the future intervein tissue
of the wing disc. Positions of prospective wing veins 3,4 and 5 are marked by arrowheads.
The vein pattern is largely restored in mutant discs rescued by eGFP::Dpp expression (vein
numbers are marked by arrows in (g, i)). j–l, Adult wings of a wild-type fly (j), a dppd8/d12
mutant (k) and a dppd8/d12 mutant expressing eGFP::Dpp (l) (W, wing). Rescued wings
have a slightly elongated shape but their sizes are comparable to that of control wings.
However, they show some additional vein tissue at the anterior cross-vein and wing vein 4
is absent in the distal part of the wing (marked by arrowhead). We speculate that this is
due to lower eGFP::Dpp expression in the ventral compartment, which also manifests itself
in lower ventral p-Mad levels (see d) and less well defined ventral vein patterns in the dSRF
staining (i, arrow). Apart from these drawbacks, LexA-driven eGFP::Dpp can compensate
for endogenous Dpp during wing disc development.
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Extended Data Figure 2 - Morphotrap expression does not affect growth or
patterning of the wing disc.
a, Wing disc expressing morphotrap in the posterior compartment controlled by hh-Gal4
(morphotraphh). The Wg/Ptc pattern is used as a coordinate system to assess pouch size
(anterior (A) pouch, left two quadrants; posterior (P) pouch, right two quadrants). Gradient
profiles are measured parallel to the dorso-ventral (D/V) boundary (for example, 15% ventral
offset). b, Wild-type wing disc stained for p-Mad. c, Wings of a male wild-type fly and a
fly expressing morphotrap in the posterior compartment under the control of hedgehog::Gal4
(morphotraphh). d, Morphotraphh wing discs show no significant change in anterior or
posterior pouch size (t-test two-sided, unequal variance: anterior compartment P > 0.05,
posterior compartment P > 0.05). e, Posterior expression of morphotrap does not cause
obvious changes to the p-Mad profile. f , p-Mad pattern of a wild-type wing disc expressing
eGFP::Dpp in the endogenous Dpp source area. g, Lateral morphotrap clones show elevated
p-Mad signal at the clone boundary facing the Dpp source due to eGFP::Dpp accumulation.
The region marked by a white rectangle is enlarged to the right. d, e, Control n = 11,
morphotraphh n = 9, error bars in e show s.d.
53
Reprinted by permission from Macmillan Publishers Ltd: Nature (Harmansa et.al. 2015,
DOI: 10.1038/nature15712), copyright (2015)
Extended Data Figure 3 - Domain width of Dpp targets depends on Dpp spread-
ing.
a, Discs of a dppd8/d12 mutant rescued with eGFP::Dpp stained for Dpp targets Sal and Omb.
Omb shows a wider distribution than Sal. b, dppd8/d12 mutant wing discs co-expressing
eGFP::Dpp and morphotrap. The regions marked by a dotted rectangle are enlarged to the
right of the respective image. The dotted red line marks the A/P compartment boundary. In
the absence of Dpp spreading, target domains collapse onto a single cell row in the posterior
compartment. In the anterior compartment domain borders are less sharp. We hypothesize
that this is due to morphotrap-bound eGFP::Dpp that is dragged into the anterior com-
partment by dividing cells (see also e). Intensity profiles of the enlarged regions are plotted
to the right. c, Wing disc of a dppd8/d12 mutant rescued with eGFP::Dpp stained for the
proliferation marked BrdU. Uniform BrdU signal is obtained along the entire disc tissue.
d, Rescued wing disc with blocked Dpp spreading stained for BrdU. Also in the absence of
Dpp spreading the uniform BrdU signal is not lost. e, Expression of mCherry–CAAX under
the control of the dpp::LexA driver line used for the rescue. mCherry–CAAX is a protein
with a long half-life that localizes to the membrane. Graph shows intensity plot of the re-
gion marked on the left. No posterior expression is observed; however, the protein profile
is graded into the anterior compartment. Analogous to morphotrap-bound eGFP::Dpp, the
stable mCherry–CAAX protein forms a concentration gradient into the anterior compart-
ment due to dividing cells that are pushed further laterally into the anterior compartment.
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f , Wing of a rescued fly with blocked Dpp spreading. The hinge region, arising from the
lateral wing disc region, is present and well patterned. In contrast, the wing field, arising
from the medial wing disc region, is strongly reduced in size and patterning is lost.
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Extended Data Figure 4 - Time course of eGFP::Dpp spreading, signalling and
the mitotic index.
a–i, Time course of extracellular eGFP::Dpp (exGFP), Dpp signalling (p-Mad) and p-H3
from 64–112 h AEL of larval development. a, b, Representative discs of the six time points
examined of control animals (a) and animals with blocked Dpp spreading (b) stained for
exGFP. The region marked by a red rectangle is enlarged below each image. eGFP::Dpp
spreading is tightly blocked by morphotrap at all time points. c, Average exGFP profiles for
all time points (control in black/block in red: n = 43/29). d, e, Discs of control animals
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(d) and animals with blocked Dpp spreading (e) stained for p-Mad. When Dpp spreading
is blocked, the p-Mad gradient also collapses onto the source region at all time points. f ,
Average p-Mad profiles (control/block: n = 50/35). g, h, Control discs (g) and discs with
blocked Dpp spreading (h) stained for p-H3. i, Quantification of the mitotic index (p-H3
spot density). No significant differences were observed between control discs (black, n = 55)
and discs with blocked Dpp spreading (red, n = 43) at any time point (n > 0.05 for all time
points, two-sided t-test, unequal variance).
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Extended Data Figure 5 - Shortening of the Dpp gradient by posterior morpho-
trap expression.
a, Scheme of morphotrap expression in the posterior compartment (using hh::Gal4 ) in
dppd8/d12 mutant wing discs rescued with eGFP::Dpp. b, Posterior morphotrap expres-
sion in the rescue background results in strong eGFP signal in the first three cell rows of
the posterior compartment due to eGFP::Dpp accumulation; after three cell rows the eGFP
fluorescence signal drops. c, p-Mad staining in a dppd8/d12 mutant wing disc rescued with
eGFP::Dpp. d, p-Mad staining in a dppd8/d12 mutant wing disc rescued by eGFP::Dpp and
expressing morphotrap in the posterior compartment. Note that the eGFP::Dpp accumu-
lation (marked by a yellow line) directly overlaps with the observed p-Mad signal. e, The
average p-Mad profiles show that the p-Mad gradient range directly depends on the range of
Dpp spreading (error bars are s.d.). f , dppd8/d12 mutant wing discs rescued with eGFP::Dpp
expressing morphotrap in the posterior compartment stained for Sal and Omb (for control
discs see Extended Data Fig. 3a). The A/P boundary is marked by a dotted red line and the
range of the eGFP::Dpp accumulation is marked by a dotted yellow line. In this condition
the domain width of both targets is strongly reduced. The Sal domain directly collapses
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onto the eGFP::Dpp accumulation domain. However, Omb, which can be activated at lower
Dpp signalling levels, shows a slightly wider distribution. We hypothesize that this is again
due to morphotrap-stabilized eGFP::Dpp being dragged into the posterior compartment (as
discussed in Extended Data Fig.3). Intensity profiles of the enlarged regions are plotted to
the right. g, Representative dppd8/d12 mutant wing discs rescued with eGFP::Dpp express-
ing morphotrap in the posterior compartment stained for Brk at the indicated time points
(79–112 h AEL). In this condition the medial region shows strongly reduced growth (com-
pare to Fig. 5a–f). However, the growth dynamics of the lateral domain are similar to the
lateral growth observed in control wing discs (right).
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Extended Data Figure 6 - Clonal growth rates do not change in the absence of
Dpp spreading.
a–h, Estimation of clonal proliferation rates as shown in Fig. 4, inducing Raeppli at different
time points: either 20 h before dissection (a–d) or 41 h before dissection (e–h). Discs were
dissected at 96–100 h AEL. a, e, Representative control discs. b, f , Representative discs
with blocked Dpp spreading. c, g, Clone size (number of cells per clone) plotted against the
relative position in the posterior compartment (0 corresponding to the A/P boundary and
1 to the posterior edge of the disc). Low numbers of small clones in proximity to the A/P
boundary are found in discs with blocked Dpp spreading (red dots), while these small clones
are not present in control discs (black dots; see also Extended Data Fig. 7). d, h, Boxplots
showing the number of cells per clone. When the small clones are excluded (right boxplots)
no significant differences are detected in clonal proliferation between control discs and discs
with blocked Dpp spreading (P > 0.05).
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Extended Data Figure 7 - Small clones in discs with blocked Dpp spreading.
a–c, Wing discs with blocked Dpp spreading carrying small Raeppli clones in proximity of
the A/P boundary. Raeppli was induced at different time points during larval development:
20 h (a), 30 h (b) and 41 h (c) before dissection. The regions marked by a white rectangle
in the left column are magnified to the right.
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Extended Data Figure 8 - Temporal development and fitting procedure of Brk
data set.
a, b, As can be seen in Fig. 2f, there is a gap in Brk expression in the lateral-most region
of the posterior compartment, indicative of Dpp expression from another, laterally located
source. Indeed, it has been shown that Dpp is expressed during the third instar larval
stage in a posterior, lateral position and exerts a patterning role on the wing imaginal disc.
However, this late Dpp expression does not affect the growth properties of wing disc cells59.
Despite this, the additional Dpp source might complicate the interpretation of our growth
analyses. To circumvent this problem, we also measured the growth properties in the anterior
compartment in the presence (a) and in the absence of the eGFP::Dpp gradient (b; high
uniform levels of Brk are indeed present in all cells outside the source). Indeed, we found
that the lateral anterior region still grows despite the absence of the Dpp gradient and the
lack of Dpp signalling. c, d, Width of the anterior and posterior compartment respectively in
dppd8/d12 mutant wing discs rescued with eGFP::Dpp (black, n = 34) and dppd8/d12 mutant
wing discs co-expressing eGFP::Dpp and morphotrap (red, n = 37, error bars show s.d.). e,
The red dots mark the 15 points used as landmarks for the affine transformation. Using affine
transformation allowed to overlay discs of slightly different shapes and sizes when generating
the mitotic densitiy maps shown in Fig.3c, e (also see Methods for details). f , Computation
of Brk data set shown for the posterior compartment: (1) The compartment width LA or LP
was defined as the distance from the A/P boundary to the anterior or posterior edge of the
wing tissue, respectively. Brk profiles were measured along a straight line with 30%D offset.
(2) Profiles were extracted using WingJ software. (3) The single gradients were fitted to
the shown Hill function. The fitting procedure returns the parameter k, which corresponds
to the position of half-maximum Brk levels and hence to the width of the medial domain.
Therefore, the lateral domain equals L − k.
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Extended Data Figure 9 - Impact of Dpp spreading on wing pouch and adult
wing size.
a, Dpp mutant wing disc rescued with eGFP::Dpp stained for Wg (outlining the wing pouch)
and Ptc (marking the A/P boundary). In this background eGFP::Dpp spreading is not
hindered and a normal gradient forms. The size of the posterior wing pouch is estimated by
the area enclosed by the Wg ring and the A/P boundary (coloured orange) and plotted in g.
b, Adult wing of a rescued fly. The border between the hinge region and the wing blade is
marked by a dotted orange line; the alula is labelled with an A. (Wing is the same as shown
in Extended Data Fig. 1l). c, Rescued wing disc expressing morphotrap in the posterior
compartment, reducing Dpp dispersal range in the posterior compartment. In this condition
pouch size is significantly decreased (see g). d, Wing of a rescued fly expressing morphotrap
in the posterior compartment. The wing blade area is strongly decreased and patterning in
the posterior part of the wing is lost. e, Rescued wing disc expressing morphotrap in the
Dpp stripe, completely blocking Dpp spreading, and hence gradient formation. Full block of
Dpp spreading results in a further decrease of the Wg/Ptc-encircled posterior pouch area. f ,
Wing of a rescued fly co-expressing eGFP::Dpp and morphotrap. Full block of Dpp spreading
results in a strong reduction of wing blade area. Only a small amount of unpatterned wing
tissue is left, while the hinge region seems to be patterned normally (alula is present). g,
Plot of the posterior pouch area, as accessed by the Wg/Ptc staining shown in (a, c, e, right)
when Dpp spreads normally (black), Dpp spreading is reduced (blue) or when Dpp spreading
is fully blocked (red). With decreasing Dpp dispersal range also the posterior pouch area
decreases (n = 22).
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Extended Data Figure 10 - Linear range imaging conditions.
Linear range imaging for the quantitative data sets acquired (corresponding figure is labelled
at top left in each plot). Dilutions of the secondary antibodies used (anti-rb-Alexa 405 (blue)
and anti-gp-CF405S (green)) in Vectashield mounting medium yield fluorescent intensities
proportional to their concentrations under the established imaging conditions. Mean in-
tensities were extracted using the Histogram function in ImageJ on the whole imaging field
of a mean projection. The background fluorescence was measured by imaging a slide only
containing Vectashield and subtracted from the mean values. Dotted lines indicate linear
fits.
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4.2 Unpublished Results
4.2.1 Dpp of posterior origin is not required for growth of the wing disc
In the previous publication we characterized in detail the role of Dpp spreading for
pattering and growth control of the wing imaginal disc. More precisely, we tested
for the requirement of Dpp produced in the medial stripe source to spread, however
neglected other sources of Dpp. Foronda et.al. showed that around the mid third
instar stage another Dpp source, located at the posterior edge of the disc tissue
comes up [181]. In this publication it was argued that posterior Dpp has a patterning
function but no impact on growth. Still, the existence of another source of Dpp
in the wing disc complicates the interpretation of our data. In the previous shown
publication, we therefore also computed the proliferation and growth profiles for the
anterior compartment, where no other source of Dpp exists, and where no p-Mad
but high Brk levels are detected throughout the target field. Despite the lack of
Dpp signalling in anterior target cells (shown by the lack of p-Mad and the lack of
Figure 12: Dpp of posterior origin does not contribute to wing growth
A, Wild type control wing disc stained for p-Mad (Dpp signalling) and Wg/Ptc (Pouch
outline and A/P boundary, respectively). Besides the stripe source of Dpp, there is a second
source of Dpp in the posterior hinge region inducing p-Mad signalling (see arrow head in
(A’)). B, Average plot of the control p-Mad profile (n=7). p-Mad induced by posterior
Dpp is marked by an arrow. c, When the posterior Dpp source is eliminated, by posterior
expression (hh::Gal4) of dppRNAi, also posterior p-Mad is lost (arrow head in (C’)). D,
Loss of posterior p-Mad is also visible in the average p-Mad profile (n=5). E, No change
in anterior pouch area, accessed by the Wg/Ptc staining (green in (A, C)), is observed. F,
Also the posterior pouch area does not change significantly when the posterior source of Dpp
is eliminated by dppRNAi. (n=7 for control and n=5 for RNAi, error bars in (B, D) show
standard deviation)
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target gene induction), the anterior compartment showed normal proliferation rates
and increases in tissue size at similar speed as the control.
To further strengthen this conclusion and support the results obtained by Foronda
et.al., we expressed dppRNAi in the posterior compartment to eliminate p-Mad sig-
nalling induced by Dpp of posterior origin (Fig.12). Careful quantification of the res-
ults obtained show that expression of dppRNAi in the posterior compartment using
hh::Gal4 results in the loss of p-Mad signal in the posterior hinge region (Fig.12C-D).
However, the loss of posterior Dpp signalling does not result in a reduction in wing
pouch area (Fig.12F), and only leads to a loss of the region that gives rise to the alula,
consistent with published results[181]. These experiments support the view that Dpp
of posterior origin is not involved in growth control of the wing disc.
4.2.2 The Dad::EGFP domain width depends on Dpp spreading
Furthermore, we tested the impact of Dpp spreading on the expression pattern of Dad,
the only inhibitory Smad in Drosophila. Dad is part of a negative-feedback circuit;
its transcription is induced by Dpp, and Dad acts as a repressor of Dpp signalling
activity [103, 104]. Since we have shown, that the Dpp targets Sal and Omb directly
depend on Dpp spreading to define their proper expression patterns, we wanted to test
if this is also the case for Dad. For this purpose, we made use of a reporter construct,
expressing nuclear GFP (GFPNLS) under the control of the dad4 regulatory element
(dad-GFPNLS) [182].
Using a GFP reporter line might not be ideal in combination with EGFP::Dpp,
however the nuclear GFP signal is clearly discernible from the extracellular/cytosolic
EGFP::Dpp signal. Furthermore, when EGFP::Dpp spreading is blocked by morpho-
trap, no EGFP::Dpp signal is observed in the posterior compartment (Fig.2A of the
Figure 13: Dad::EGFP domain width depends on Dpp spreading
A, Expression of dad-GFPNLS (green) in a dppd8/d12 mutant 3rd instar wing disc rescued by
EGFP::Dpp expression. B, Expression of the dad reporter line, when EGFP::Dpp spreading
is blocked by co-expression with morphotrap (red). C, dad-GFPNLS (green) concentration
profiles of the regions marked by rectangles in (A) and (B).
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before shown publication). Hence, in a situation where Dpp spreading is blocked
by morphotrap, all GFP signal observed in the posterior compartment must be sig-
nal from dad-GFPNLS. We therefore restrict the following analysis to the posterior
compartment only.
In wing discs of dppd8/d12 mutant animals rescued by EGFP::Dpp expression (Dpp
gradient present), GFPNLSexpression is observed in a wide, graded domain in the
posterior compartment (Fig.13A). However, when Dpp spreading is blocked by co-
expression of EGFP::Dpp and morphotrap (Dpp gradient absent), GFPNLSis only
observed in 1-2 cell rows in the posterior compartment adjacent to the compartment
boundary (Fig.13B,C). This observation shows, that the expression domain of Dad,
like the ones of Sal and Omb, is controlled by and depends on the spreading of Dpp.
4.3 Wg spreading is not required for patterning but for proper
size control of the wing disc
Recently, the role of Wg spreading in Drosophila development was questioned by
experiments, in which the endogenous wg gene was replaced by a membrane tethered-
form of the protein [82]. Surprisingly, flies carrying endogenously-tethered, and hence
completely immobilized Wg were viable and developed well patterned appendages
of virtually normal size. This data suggested, that Wg spreading is dispensable for
Drosophila development.
To verify this observation and to further validate morphotrap as a valuable tool
for the scientific community and show its ease when combined with endogenously
tagged proteins, we have used morphotrap to block spreading of endogenous, GFP-
tagged Wingless (Wg-GFP). For this purpose, we used a fly strain generated by Port
et.al.[175], in which the wg gene was tagged with GFP at the endogenous locus.
The results we obtain when blocking spreading of Wg-GFP using morphotrap are
comparable to the ones obtained when tethering endogenous Wg to the cell membrane
as reported by Alexandre et.al.[82]. Expression of morphotrap in the posterior com-
partment using hh::Gal4 results in a clear shortening of the posterior extracellular
Wg-GFP gradient (Fig.14A-B). In addition, the Wg target Distal-less (Dll) shows a
reduction in its expression domain upon blocking Wg-GFP dispersal (Fig.14C), again
similar to what has been observed by Alexandre et.al. Morphotrap-blocked posterior
Wg-GFP spreading results in a ~25% decrease in posterior wing area (Fig.14D-G,
compared to ~23% in Alexandre et.al. when modifying spreading in the entire wing).
Interestingly, abolishing Wg spreading most strongly affects the growth of the pos-
terior most region of the wing, between longitudinal vein L5 to the posterior edge
(Fig. 14F and G, bottom). In summary, all the results we obtained are in agreement
with the findings of Alexandre et.al., validating morphotrap as a novel tool to modify
the dispersal of secreted proteins.
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Figure 14: Wg-GFP spreading is not essential for wing development but for
proper size control
A, Wing disc of an animal, homozygous for endogenous-tagged Wg-GFP, expressing Morpho-
trap in the P-compartment (hh::Gal4) stained for extracellular GFP (exGFP). B, Quantific-
ation of extracellular GFP levels of the regions marked in (A). C, Distal-less (Dll) expression
in a wing disc where posterior Wg-GFP spreading was blocked by Morphotrap. D-G, Adult
wing phenotypes in the presence or absence of posterior Wg spreading. D, Control wing of fe-
male homozygous Wg-GFP fly. Most wings (9 of 12) show additional vein tissue at posterior
cross-vein (arrow head) E, Wing of a homozygous Wg-GFP fly expressing morphotrap in
the P-compartment. F, Overlay of the wings shown in (D-E). Wing with posterior blocked
Wg spreading is shown in red. G, Quantification of reduction in posterior wing blade area.
4.3.1 ER-retention of Wg-GFP results in strong size and patterning de-
fects
We have shown the power of morphotrap as a tool to immobilize GFP-tagged morpho-
gens and modify their spatial distribution. As shown for both, EGFP::Dpp and Wg-
GFP, tethering of the morphogens to producing cells retains their signalling activity,
creating a small region (the morphogen source and adjacent cells) that still receives
morphogen signalling input. In order to prohibit the signalling activity of immobil-
ized morphogens two approaches are of potential interest: (1) optimizing/modifying
morphotrap in a way that bound morphogen cannot (sterically) interact with its re-
ceptors any more, or (2) creating a tool that allows to retain the morphogen within
producing cells to avoid its signalling activity. Here, I want to provide preliminary
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Figure 15: ER-tethering of Wg-GFP results in growth and patterning defects
A, Homozygous Wg-GFP wing disc expressing an ER-localized version of morphotrap in the
posterior compartment (hh::Gal4 ), stained for extracellular GFP (exGFP). Strong accumu-
lation of Wg-GFP (green) is observed in posterior Wg source cells (middle). ER-retention
of Wg-GFP results in strong growth defects in the posterior pouch. The approximate pouch
outlines of the anterior and posterior pouch are marked by dotted lines (top). exGFP signal
is reduced in the posterior compartment, suggesting that Wg-GFP secretion is reduced (see
arrow, bottom) B, Wing of a female Wg-GFP fly (control) C, Wings of two female Wg-GFP
flies expressing ER-localized morphotrap in posterior cells. Posterior ER-retention of Wg-
GFP results in loss of posterior hinge structures (the alula is missing, see arrows in (B) and
(C)), the posterior wing margin and growth defects, as quantified in (D). D, Quantification
of intervein area in Wg-GFP flies expressing posterior ER-morphotrap relative to control
flies. (n=10 for each genotype).
results following the second approach, trying to inhibit morphogen signalling via an
endoplasmic reticulum (ER) localized morphotrap version.
In order to create a ER-localized morphotrap (VHH-ER), a KDRL sequence,
known to retain proteins in the ER [178], was inserted C-terminally to the vhhGFP4
coding sequence. To test the efficiancy of morphogen retention in the ER, we ex-
pressed VHH-ER in the posterior compartment of homozygous Wg-GFP flies. While
Wg-GFP was normaly secreted from anterior source cells, strong Wg-GFP accumula-
tion was observed in the posterior source cells (Fig.15A). We also observed a reduction
in posterior pouch size, suggesting that indeed Wg-GFP is not efficiently secreted any
more and that target cells lack Wg signalling. In accordance with this hypothesis, we
observed that the posterior extracellular Wg-GFP gradient was reduced, but not ab-
sent, upon VHH-ER expression (Fig.15A, bottom). Further experiments are needed
to investigate if the residual Wg-GFP observed in the posterior compartment is a
result of inefficient ER-capture or results from anterior Wg-GFP dispersal into the
posterior compartment. Moreover, the observed growth defects also manifested in the
wings of Wg-GFP flies expressing VHH-ER in posterior cells (Fig.15B-D). Reduction
of posterior Wg secretion results in a loss of hinge structures and of the posterior wing
margin as well as growth defects. We observed that the size of the posterior most
wing parts (the area between L5 and the wing edge) were most strongly affected upon
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VHH-ER expression (Fig.15D), this is maybe due to the loss of the wing margin. In
conclusion, these results suggest that VHH-ER can retain GFP-tagged morphogens in
the ER and therefore can be used as a tool to reduce morphogen secretion. Further-
more, these results provide evidence that Wg signalling is necessary for development
of the lateral parts of the Drosophila wing, while medial parts are not stongly affected
by a loss of Wg signalling.
In future experiments, VHH-ER needs to be expressed in all wing disc cells, to
characterize the efficiency of ER-retention. Also Wg signalling needs to be investigated
by staining for Wg targets, like e.g. Dll. If indeed, VHH-ER can block morphogen
secretion in an efficient manner, it could be used together with a temperature-sensitive
version of the Gal80 repressor (Gal80ts), to temporally control morphogen secretion.
Such experiments would allow to investigate the temporal requirement of Wg and
Dpp signalling for wing pouch definition during early development and for wing pouch
growth at the larval stages.
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5 Discussion and Outlook
We have developed and used morphotrap, a nanobody-based morphogen trapping
system, to modify the Dpp gradient in vivo. Morphotrap can completely abolish
EGFP::Dpp spreading from its central source and thus allowed us to investigate the
requirement of Dpp spreading for patterning and growth control. Our major aim was
to differentiate between an instructive or a permissive function of Dpp in proliferation
control, as suggested by the TRM or the GEM, respectively.
5.1 Cells do not control proliferation by computing temporal
Dpp changes
Expression of morphotrap in lateral clones demonstrated that Dpp can disperse over
the entire width of the wing disc, hence also control the growth in the lateral re-
gion. However, the results we obtained when completely blocking Dpp spreading
with morphotrap clearly refute a disc-wide instructive role of Dpp. While we find
that Dpp spreading is essential for patterning and growth of the central region of
the wing disc, Dpp spreading is dispensable for growth of the lateral region. Hence,
our results show that lateral cells do not integrate Dpp signalling levels over time (as
suggested by the TRM [126]) to control their proliferation rate, but rather that the
proliferation rate in these cells is controlled independent of Dpp (as suggested by the
GEM [128, 109]). Importantly, the lateral region experiences high Brk levels and all
observed Dpp targets were repressed in our setup, a clear indication for the absence
of Dpp signalling, therefore the observed proliferation is neither Dpp-dependent nor
arises from Dpp-independent Dpp signalling [125]. According to the TRM, cell pro-
liferation should halt in the absence of Dpp; however, our results show that this is
not the case and therefore clearly reject a disc-wide TRM for the control of wing disc
growth.
In contrast to the results published by Wartlick et.al. [126], we do not observe
monotonically increasing EGFP::Dpp levels during wing disc development. We find
that in flies rescued with EGFP::Dpp, extracellular EGFP::Dpp (exGFP) levels in-
crease only from 64-91h AEL (Fig.16A); after this period, exGFP levels decrease until
the end of larval development (Fig.16B). Importantly, the same behaviour is observed
when directly comparing EGFP fluorescence levels (data not shown). This suggests
that neither the extracellular EGFP::Dpp gradient (visualized by exGFP staining) nor
the overall EGFP::Dpp levels (visualized by GFP fluorescence) monotonically increase
during development. These findings show that uniform proliferation and normal de-
velopment do not depend on increasing EGFP::Dpp levels as suggested by the TRM.
The differences observed in temporal EGFP::Dpp transgene expression compared to
Wartlick et.al. might be due to the different efficiency and stability of the LexA
transcriptional activator (TA) we used, compared to the Gal4 TA used by Wartlick
et.al. However, and in contrast to already published data [164], we observe a constant
increase in p-Mad level from 64-112h of larval development in our EGFP::Dpp rescue
condition (Fig.16C) and in wild type larvae (data not shown). This observation sug-
gests that the cellular response to Dpp is not strictly linear, and it will be interesting
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Figure 16: Monotonic increase in p-Mad but not in EGFP::Dpp levels
A, Average extracellular EGFP::Dpp (exGFP) profiles from time classes (TC) 1-4 (64-91h
AEL); positions along the x-axis are plotted relative to posterior tissue width L (wheer
L corresponds to the posterior edge of the wing disc). In the central region, exGFP levels
increase during this time-frame. B, For the later TCs, exGFP levels decrease until the end of
larval development. C, p-Mad levels increase monotonically during the observed time span.
The data shown in this figure, and hence sample numbers, are the same as in Extended Data
Figure 4c,f of the publication above. The error range shown corresponds to the s.d.
to understand if increasing Dpp signalling levels are required for growth of the medial
region of the wing disc.
In summary, our results suggest that Dpp does not directly control the proliferation
rate of lateral wing disc cells by computing temporal changes in Dpp, but support
the view, that Dpp acts as a permissive modulator of proliferation. We find that
Dpp spreading is strictly required for the formation of the medial, but not the lateral
region of the wing disc. These observations are in line with the framework of the
GEM.
5.2 The GEM can explain the loss of the central domain upon
blocking Dpp dispersal
Our observations suggest that two cell populations with different requirements for Dpp
signalling exist; while growth of medial cells depends on Dpp signalling, lateral cells
grow independent of Dpp. Therefore, when blocking Dpp spreading, the medial region
of the target tissue is lost, while the lateral region grows to approximately normal size.
Using the multicolour-labelling tool Raeppli, we find that clonal proliferation rates
are unaffected in the majority of the posterior tissue upon block of Dpp spreading.
However, when Dpp spreading was blocked, we found low numbers of small, one or
two cell clones in close proximity of the A/P boundary (however, never in direct
contact with Dpp producing cells). The GEM suggests that medial cells depend on
the removal of Brk to grow, therefore these small clones are possibly the remnants
of the cell population that should have formed the medial region of the wing disc.
Since these small clones are observed at varying frequency, and not in all discs, we
hypothesized that the majority of “prospective medial cells” undergo apoptosis due
to the lack of Dpp signalling (as suggested before [183]). In support of this view,
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Figure 17: Block of Dpp spreading induces apoptosis in young wing discs
A, Staining for the apoptotic marker Cleaved-Caspase 3 in 64-65 h dppd8/d12 mutant wing
discs rescued with EGFP::Dpp. B, Block of Dpp spreading by morphotrap results in in-
creased apoptosis during mid-late 2nd instar stage. C, Apoptosis rates are significantly
increased when Dpp spreading is blocked (*p<0.05).
we observe a significant increase in apoptosis in discs with blocked Dpp spreading
during mid-late 2nd instar larval stages (Fig.17); during later time points no increase
in apoptosis is observed (data not shown). Collectively, these observations suggest
that a sub-population of cells, supposedly the ones forming the medial wing disc,
depend on Dpp signalling to proliferate and survive.
5.3 How does Dpp spreading control organ size?
Both, the TRM and the GEM suggest a mechanism how graded Dpp levels can result
in a uniform proliferation pattern. However, they do not provide an explanation
on how the final size of the wing disc is controlled. Our results suggest that the
spreading range of Dpp is directly connected to the final size of the wing pouch, the
region forming the adult wing blade, but not to the size of the surrounding hinge
region (see Fig.18). A range-dependent model for Dpp was proposed by Crickmore
et.al. to explain organ size control of the Drosophila haltere, an organ required for
balance during flight [127]. Crickmore et.al. suggested that restricting the range of
the Dpp gradient results in fewer medial cells exposed to Dpp signalling and hence to
a reduction in organ size.
Further investigations are needed to gain a deeper understanding of the connection
between Dpp morphogen range and final organ size. Many components are know that
affect Dpp spreading and range, e.g. the Dpp receptors [171, 172, 127] and Heparan
sulphate proteoglycans (HSPGs) [118, 92, 184], however, all these components are not
specific to Dpp but also affect other signalling molecules like Wg or Hh [185, 186, 187].
Therefore, nanobodies provide an excellent opportunity to specifically target Dpp
spreading. Future experiments will allow to vary the range of Dpp spreading, by either
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Figure 18: The central wing pouch cells form the adult wing blade
A, Wild type wing disc stained for Vestigial (Vg, red), Wg and Patched (Ptc, both green).
Wg is expressed along the D/V boundary and in two rings (inner ring (IR) and outer ring
(OR)) surrounding the wing pouch, marked by Vg. During metamorphosis the wing pouch
will evaginate, the dorsal cells will fold onto the ventral cells, such that the central region
of the wing pouch will form the distal (D) tip of the adult wing. L = lateral. B, Wild type
wing. The wing blade , forming from the wing pouch, is marked in red. The hinge region,
connecting the wing blade to the body wall, forms from the region between the pouch and
the outer Wg ring.
modifying the expression levels of morphotrap or by using VHH domains with different
binding affinities. Such experiments will shed light on the role of Dpp spreading in
controlling the size of the wing pouch.
Another range-dependent recruitment-model has been suggested for wing pouch
size control by the Wg morphogen gradient [173, 188, 174], possibly in conjunction
with Dpp. Zecca and Struhl suggest that the growth of the wing pouch requires
the recruitment of surrounding (non-wing) hinge cells into the wing primordium.
According to these studies, new cells are recruited into the wing pouch by a Vg
and morphogen-dependent “feed-forward signal”, which activates vg expression in
neighbouring non-wing cells. Interestingly, this model suggests that the range of Wg
from the D/V boundary and potentially Dpp from the A/P boundary controls the
recruitment of non-wing cells into the wing pouch, and hence the its size.
5.4 Do morphogens need to spread?
However, recently the classical morphogen concept has been questioned by Alexandre
et.al. They showed that Wg spreading is dispensable for Drosophila development [82],
by endogenously tethering the Wg protein to the cell surface and thereby abolishing
Wg spreading and gradient formation. We sought to reconfirm these results by teth-
ering GFP-Wg to producing cells using morphotrap. In support to the findings made
by Alexandre et.al., abolishment of GFP-Wg spreading via morphotrap yields viable
adult flies. We also find that upon block of Wg spreading, Wg target gene domains
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are strongly decreased in width and that adult wing blade size is reduced to similar
extends as reported by Alexandre et.al. Interestingly, we find that growth in the
absence of Wg spreading is most strongly affected in the very lateral parts of the fly
wing, between longitudinal vein 5 and the edge of the wing tissue. In contrast, our
data on Dpp spreading suggested that Dpp affects the growth of the medial region
of the fly wing. Therefore, these observation suggest that the effect of Dpp more
strongly impacts medial wing growth, while the effect of Wg is more prominent in
lateral wing growth.
In conclusion, two independent approaches, endogenous protein modification and
nanobody-mediated trapping, suggest that a loss of Wg spreading only has minor
effects on general fly development. However, and in striking contrast to the facilitative
spreading of Wg, we showed that Dpp spreading is required and absolutely crucial for
patterning and growth control of the Drosophila wing.
Advances in genome modification and development of novel methods, such as
morphotrap, will provide a solid framework for future investigations to test if the
classical concept of morphogen spreading and concentration gradient formation is the
norm or rather the exception during animal development.
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Part II
Dissection of Decapentaplegic
gradient formation along the
apicobasal axis using scaffold-bound
nanobodies
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6 Introduction
Cell fate determination and growth was suggested to be controlled by morphogens,
secreted signalling molecules that form concentration gradients in space. How morpho-
gen gradients are established has been studied extensively in the Drosophila wing
imaginal disc, investigating the Decapentaplegic (Dpp) [24, 79, 109], Hedgehog (Hh)
[189] and Wingless (Wg) [190] morphogen gradients. However, due to its mono-layered
structure, the wing disc was often simplified as a two dimensional sheet, neglecting its
three dimensional composition (see Fig.19A-B). While the two dimensional morpho-
gen distribution and signalling profiles are well studied and extensively quantified
(e.g for Dpp see [164, 126]), the role of the three dimensional tissue structure for
morphogen dispersal and interpretation is less well understood. Several mechanisms
for morphogen dispersal have been suggested [14, 191], however a key component
neglected is the sub-cellular localization of the functional morphogen gradient in the
wing disc tissue. Moreover, it is not well understood if and how cells in the target
tissue respond to the same morphogen ligand presented at different positions along
the apicobasal plane and how these signals are integrated.
6.1 The three dimensional structure of the wing disc
The wing disc consists of two contiguous, mono-layered epithelial sheets that form a
sac-like structure (Fig.19A-B). One layer is the pseudo-stratified disc proper epithe-
lium (DP), the part of the wing disc forming the wing and the cuticle structures of
the notum, forming the flies back. The overlaying structure it the squamous peri-
podial epithelium (PPE) [192], a structure that is degraded during the pupal stage,
but plays an important role during wing disc eversion in metamorphosis [193]. Both
epithelia possess a clear apicobasal polarity, in a way that the junctional complexes
(septate and adherence junctions) divide the luminal facing apical compartment from
the basolateral one [194]. Especially in the DP, the junctions are located close to the
apical cell surface of the DP cells, resulting in a rather small apical compartment,
compared to the extended basolateral compartment.
If the 3D structure of the wing disc is considered (see Fig.19A-B), then it becomes
apparent that morphogen dispersal behaviour might be strongly influenced by the
subcellular environment [195]. While molecules secreted along the apical surface into
the lumen potentially move freely in space, movement of molecules secreted lateral
or basal is restricted by the cell packing and by the interaction partners present
on the cell surface and in the extracellular matrix (ECM) (Fig.19C). Therefore, the
different subcellular environments potentially influence the dispersal mechanisms and
behaviours of morphogens during gradient formation in the wing disc.
6.2 Morphogen gradient formation
The wing disc morphogens are secreted from highly polarized epithelial cells and form
gradients along both sides of the disc proper (DP) epithelium. Wg is first secreted
apically, then reinternalized and transcytosed to form a long range gradient along the
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basolateral compartment of the DP [196, 186, 197, 88]. The Hh morphogen is secreted
along the apical and basolateral surface [198, 199, 200], however recent evidence also
suggests that apical Hh is transcytosed and that the functional Hh gradient is estab-
lished along the basolateral side of the DP [201]. Still, the mechanism of Hh dispersal
in the wing disc remains controversial; Hh transport along thin, basal cellular ex-
tensions called cytonems [202] and movement in extracellular “exo-vesicles” [90] was
suggested. In contrast, Dpp localization remains unclear and debated. Formation of
long-range gradients in the apical [203] and basolateral [84, 83, 87] space of the wing
disc epithelium have been suggested, however, by which mechanisms these different
pools of Dpp disperse and how they are sensed at the molecular levels remains unclear.
Formation of the Dpp morphogen gradient was mainly studied using a GFP-tagged
Dpp fusion protein (GFP-Dpp) [84, 83]. As shown before, GFP-Dpp can partially
rescue the dpp disc mutant phenotypes, and served as a valuable surrogate for en-
dogenous Dpp. When expressed in the central stripe source, GFP-Dpp forms steep
concentration gradients into the anterior and posterior target tissue. Making use
of this GFP-Dpp fusion protein, gradient formation was studied in different genetic
backgrounds and several, distinct dispersal mechanisms have been suggested. These
mechanisms can be grouped into two classes: (1) diffusion-based mechanisms (free dif-
fusion or restricted diffusion) and (2) active transport mechanisms (via transcytosis
or along cytonemes).
Diffusive dispersal of Dpp has been suggested theoretically [117] and recently
gained support from a study directly measuring GFP-Dpp diffusion in vivo [91]. Zhou
et.al. used fluorescence correlation spectroscopy (FCS) and by pair correlation func-
Figure 19: Wing disc morphology and morphogen dispersal
A, Schematic top view (top) and section (bottom) of a wing disc. The section visualizes the
sac-like structural organization of the wing disc, consisting of two overlaying, mono-layered
epithelial sheets, separated by a luminal cavity. B, Schematic drawing of a section trough a
wing disc. The wing disc consists of two contiguous epithelial layers with different properties;
the pseudo-stratified disc proper (DP) and a squamous epithelium, called the peripodial
membrane (PPM, light blue). Both epithelial layers possess a clearly defined polarity, with
their apical surface (red) facing the luminal cavity that separates them. Along the opposing
surface basal lamina (BL), enveloping the whole wing disc, is deposited. C, The sub-cellular
environment strongly influences morphogen dispersal. While morphogen movement is less
restricted within the luminal cavity, morphogen dispersal within the epithelium is strongly
influenced be the epithelial architecture, forcing the morphogen to move around epithelial
cells.
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tion (pCF) microscopy to directly determine the diffusion coefficient of GFP-Dpp in
live wing disc tissue. They found that approximately 65% of GFP-Dpp molecules
move rapidly, with a diffusion coefficient consistent with free diffusion, and the other
35% appeared to be immobile or moving very slow. The restricted diffusion model
proposes, that morphogen diffusion is hindered by transient interactions with either
the receptors or other interaction partners and by the density of the cell packing
[191]. It was shown that the levels of the Dpp receptor Tkv modulate the range of
Dpp dispersal [127], potentially via receptor mediated uptake and degradation [171].
In addition, Dpp was shown to bind to the two Drosophila HSPG Dally and Dally-like
protein (Dlp), both needed for gradient formation [204, 205, 206, 118, 92].
One of the proposed active transport mechanisms for Dpp is the transcytosis
model. The transcytosis model is based on the observation that GFP-Dpp cannot
cross endocytosis-defective clones [83]. The model suggests that Dpp is passed on
from one cell to the other via repeated cycles of receptor-mediated endo- and exocyt-
osis [207, 83, 119, 120]. However, theoretical and experimental evidence challenged
this model. Lander et.al. showed that accumulation of Dpp receptors along endo-
cytosis deficient cells can hinder extracellular Dpp dispersal and explain the observed
effect in endocytosis defective clones [117]. Moreover, experiments showed that Dpp
signalling is unaffected behind cells defective for endocytosis [118] or mutant for the
Dpp receptors tkv and punt [87]. Thus, the transcytosis model is less favoured by the
community.
Yet another model proposes that Dpp is directly transported along thin actin-
based cellular protrusions, called cytonemes. Cytonemes have been shown to extend
from the apical surface of target cells directed towards the Dpp source stripe [121,
122, 123]. In addition, Tkv was shown to move along these apical protrusions [122].
Functional evidence for Dpp transport along cytonemes exists for cytoneme-mediated
transport of Dpp from wing disc cells to the air sac primordium [124] and for Hh
gradient formation [208]. However, it remains to be shown if a functional requirement
for cytonemes exist for Dpp gradient formation in the wing disc.
Interestingly, most of the suggested transport mechanisms take place in a specific
location within the wing disc tissue. While free diffusion can only take place in the
wing disc lumen, restricted diffusion must occur in direct contact with either the DP
epithelium or the ECM. Dpp cytonemes have been only observed along the apical
surface of DP cells. And since transcytosis depends on ligand movement trough cells,
it should take place in the plane of the DP epithelium. Hence, investigating the
subcellular localization of the functional Dpp gradient can provide information about
the respective transport mechanism of Dpp gradient formation.
Therefore, we investigated the subcellular localization of Dpp during gradient
formation, in order to obtain a basic understanding about the location of the func-
tional Dpp gradient and the mechanism of Dpp dispersal. We find, that the majority
of Dpp is secreted along the basolateral side of source cells and establishes a long-
range basolateral morphogen gradient. A much smaller fraction of Dpp is secreted
apically into the lumen, where it either disperses along the apical surface of the DP
cells or crosses the lumen to PPM cells. In order to understand the function of these
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two fractions, we established a novel nanobody-based trapping tool, which allows dis-
section of the function and the contribution of the specific apicobasal subfractions of
the EGFP::Dpp morphogen gradient to patterning and growth control.
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6.3 Aim and concept of the project
Here, we want to address a question, that due to technical limitations could not be
investigated so far. Namely, we want to understand the contribution of the different
subcellular fractions along the apicobasal-axis of the Dpp morphogen gradient for pat-
terning and growth control of the Drosophila wing disc. For this purpose we designed
novel scaffold-bound nanobodies (SBNs) with specific subcellular localization. In part
I of this thesis, we have introduced the use of morphotrap, a SBN that localized un-
biased all around the epithelial wing disc cells, and can completely block EGFP::Dpp
gradient formation. In the following we want to characterize and use differentially
localizing SBNs, that either localize to the apical or the basolateral surface of wing
disc cells, or to the basal lamina (BL) (Fig.20A) and only restrict dispersal of specific
subfractions of the EGFP::Dpp gradient.
Complementary to the morphotrap approach, differentially localizing SBNs will
allow us to restrict or even completely block the spreading of specific subfractions
of the Dpp gradient and thereby assess their respective function for patterning and
growth control. This approach will allow, for the first time, the modification of specific
subfractions of a morphogen gradient and investigate their function. Furthermore, this
approach will enable us to investigate, how signalling inputs, presented at different
positions along the apicobasal axis are interpreted and translated into target gene
expression levels.
In summary, SBNs will allow us to:
(1) Investigate the subcellular distribution of EGFP::Dpp during gradient formation
(2) Block the dispersal of specific morphogen subfractions along the apicobasal axis
(3) Assess the contribution of different subfractions to patterning and growth control.
Moreover, the characterized differentially localized SBNs will provide a novel tool-set
for the community to study the dispersal of other morphogens and secreted signalling
factors in a novel way.
Figure 20: Differentially localized SBNs to dissect the Dpp gradient along the
apicobasal axis
A, SBNs with specific subcellular localization. While morphotrap localizes unbiased around
epithelial cells, novel SBNs localize either to the apical cell surface (Apical-trap), to the
basolateral cell surface (BL-trap) or to the basal lamina (ECM-trap). B, Expression of SBNs
in either source or target cells will allow to completely block or reduce spreading of specific
subcellular fractions of the Dpp gradient. SBNs will allow to specifically block spreading of
EGFP::Dpp either in the lumen (Apical-trap), along the basolateral compartment (BL-trap)
or along the basal cells surface (ECM-trap).
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7 Material and Methods
The general methods are introduced in section 3 of this thesis. In this section, I will
only introduce the fly lines and methods specific to this part of my thesis.
7.1 Fly lines
AGir::Gal4 Gal4 driver line that is expressed in PPM cells. 3rd chromosome
insertion. [209]
Ubx::Gal4 Gal4 driver line that is expressed in PPM cells. 3rd chromosome
insertion. [?]
r4::Gal4 Gal4 driver line expressed in the fat body and the salivary gland
cells. 3rd chromosome insertion. Bloomington stock center number
33832.
TkvYFP DGRC 115-298, created by the Cambridge Protein Trap Insertion
project [210]
7.2 Cloning of SBNs
The following SBN-constructs were created using standard molecular cloning tech-
niques.
pUASTLOTattB_VHH-GFP4::Nrv1::TagBFP
We inserted the TagBFP (Evrogen) coding sequence between the first and the second
exon of the nervana 1 (Nrv1, FlyBase ID: FBgn0015776) cDNA (BDGP DGC clone
LD02379). The vhhGFP4 coding fragment was inserted at the C-terminal end of
Figure 21: VHH-GFP4::Nrv1::TagBFP Sequence
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Nrv1::TagBFP. A Drosophila Kozak sequence (CAAA) was inserted for higher ex-
pression levels and finally, vhhGFP4::Nrv1::TagBFP was cloned into the multiple
cloning site (MCS) of the pUASTLOTattB vector. For the construct sequence see
Fig.21.
pUASTLOTattB_VHH-GFP4::T48-Baz::mCherry
In a previous study, the transcript 48 gene (t48, FlyBase ID: FBgn0004359) was
expressed under UAS control and tagged with an HA-tag [211]. Starting from this
construct, we exchanged the HA-tag for the vhhGFP4 fragment. Also, we attached the
mCherry coding sequence at the C-terminal end of VHH-GFP4::T48. Unfortunately,
this construct did not show good apical localization (data not shown). To improve
Figure 22: VHH-GFP4::T48-Baz::TagBFP Sequence
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Figure 23: VHH-GFP4::Vkg::mCherry Sequence
apical localization of our VHH-GFP4::T48::mCherry construct, we attached the 2316
base pair (bp) minimal apical localization sequence of Bazooka (Bazmin) [212] C-
terminally to mCherry. Addition of the Bazooka minimal localization sequence greatly
improved apical localization, however could not prevent miss-localization of a small
fraction of VHH-GFP4::T48-Baz::mCherry to the baso-lateral domain. Hence, VHH-
GFP4::T48-Baz::mCherry does not show an exclusive apical localization, but a strong
apically enriched localization. Finally, VHH-GFP4::T48-Baz::mCherry was cloned
into the MCS of the pUASTLOTattB vector. The construct sequence is depicted in
Fig.22.
pUASTLOTattB_VHH-GFP4::Vkg::mCherry
The Viking (Vkg)full_length plasmid was obtained from Hilary L. Ashe [213]. The
vhhGFP4 and mCherry coding sequences were inserted between the first and the
second exon of the vkg gene, separated by a short linker region. We chose this insertion
site since a viable GFP-trap line exists, which carries a GFP exon in the endogenous
locus between exon one and two [214]. Finally, VHH-GFP4::Vkg::mCherry was cloned
into pUASTLOTattB, resulting in the construct sequence shown in Fig.23.
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8 Results
This project is still ongoing and the shown results are of preliminary nature. Please
consider that some of the shown data might not be conclusively interpretable yet,
since further experiments or controls are still ongoing. I will debate the impact of the
so far performed experiments in the discussion/outlook section.
8.1 Subcellular localization of the Dpp gradient in the wing
disc epithelium
To address the subcellular localization of the Dpp morphogen gradient, we made
use of the above introduced EGFP::Dpp fusion protein. Expression of EGFP::Dpp
in the central dpp source stripe (using the dpp::LG LexA driver line [86]) combined
with immunostainings against the junctional component Discs large (Dlg) allowed us
to assess the relative distribution of EGFP::Dpp in the apical and the basolateral
compartment. We find that the vast majority of EGFP::Dpp localizes below the
junctions, distributed equally to the basolateral compartment (Fig.24). However,
we do not observe extensive EGFP::Dpp signal in the wing disc lumen, as observed
before [203]. In contrast, apical EGFP::Dpp is only observed in source cells, but not
detectable in the lumen. In addition, we tried to visualize the extracellular fraction
of EGFP::Dpp, by trying to optimize the above introduced extracellular staining
protocol. However, we did not succeed in obtaining a protocol that robustly labels
extracellular luminal antigen (data not shown). In summary, this finding suggests
that the EGFP::Dpp gradient mainly forms within the basolateral plain of the DP
epithelium.
Figure 24: EGFP::Dpp subcellular localization
A, Schematic section of a wing disc. The junctions (blue) are positioned close to the apical
surface of the DP, resulting in a relative small apical but extended basolateral compart-
ment. B, Section of a wing disc expressing EGFP::Dpp in the central stripe, stained for the
junctional marked Dlg. The junctional level is marked by dotted orange lines. EGFP::Dpp
signal is mainly observed below the junctions along the basolateral side of the wing disc
epithelium. Only in source cells, EGFP signal is observed in the apical compartment above
the Dlg staining (see arrow in zoom to the right). In this setup, we do not observe luminal
EGFP::Dpp localization.
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Figure 25: Dpp spreads within the disc proper epithelium and in the luminal
cavity
A, EGFP::Dpp is expressed in the central stripe (green, LexA system) and morphotrap in
clones (red, Gal4 system). Anterior (A) is facing left, dorsal (D) to the top. B, Subapical-
apical (top), lateral (middle) and basal (bottom) sections of a wing disc, stained for the
junctional marked Discs large (Dlg), carrying two morphotrap clones. C, Zoom of the
region marked in (B, top). EGFO::Dpp accumulation is observed along the apical surface
of morphotrap expressing clones (arrow). D, Computed z-section of the disc shown in (B).
High amounts of EGFP::Dpp are observed along the basolateral surface of morphotrap clones,
facing the Dpp source. However, also along the apical surface, low amounts of EGFP::Dpp
can be detected (arrow).
In a further approach, we aimed to use the “accumulation effect” of morphotrap,
to visualize even small amounts of EGFP::Dpp morphogen. We therefore expressed
EGFP::Dpp in the source stripe (using the LexA system) in a wild type background
and morphotrap in small clones (using the Gal4 system), spatially separate from the
Dpp expression domain (Fig.25A). In such a situation, clones expressing morphotrap
accumulate high levels of EGFP::Dpp on their cell surface [215]. To understand, where
along the apicobasal axis EGFP::Dpp is accumulated, we acquired high resolution im-
ages along the z-axis of wing discs stained for Dlg (Fig.25B-D). Interestingly, clones
expressing morphotrap accumulate high amounts of EGFP::Dpp along their basolat-
eral surface (Fig.25B, middle and D) facing the Dpp source stripe, consistent with
the above findings. However, we also observe low level accumulation of EGFP::Dpp
along the apical compartment, above the Dlg staining (Fig.25B, top and C). These
findings support the view, that the majority of the EGFP::Dpp gradient forms along
the basolateral compartment, but also suggest, that low amounts of EGFP::Dpp are
secreted apically and disperses within the wing disc lumen or along the apical surface
of DP cells. Furthermore, we observe cytonemes, emanating from the morphotrap
expressing clones directed towards the Dpp source, that accumulate EGFP::Dpp on
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their surface. In summary, these experiments show that different pools of EGFP::Dpp
disperse in the apical as well as in the lateral and the basal compartments of the wing
disc. In the following we will dissect the respective role of these different fractions to
understand the subcellular localization of the functional Dpp gradient.
8.2 Differentially localized scaffold-bound nanobodies
In order to interfere with specific subfractions of the EGFP::Dpp during gradient
formation in vivo, we designed novel SBNs that localize to specific subregions along
the apicobasal axis. These novel SBNs consist of fusions between vhhGFP4 and
proteins known to localize to e.g. the apical or the basolateral cell surface or the
ECM. Therefore, the localization of the “scaffold protein” determines the localization
Figure 26: Differentially localized SBNs to study morphogen gradient formation
along the apicobasal axis
A, Basal-trap (red) localizes exclusively to the basolateral side of DP cells. The cell outlines
are visualized by F-actin (middle). While F-actin signal is observed below (basolateral) and
above (apical) of the junctions, marked by Dlg (green), BL-trap does not localize apical to
the junctions (see arrow in insert, right). B, Apical-trap (red) preferentially localizes to the
apical side of DP cells (see arrow in insert, rigth). However, a small fraction of Apical-trap
miss-localizes to the basolateral region (arrowheads). C, ECM-trap is secreted from fat body
cells and is inserted into the larval ECM. In the wing disc ECM-trap exclusively localizes to
the BL, while it is not observed in the DP epithelium or the disc lumen.
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of the vhhGFP4 morphogen trap, and hence the site were the specific SBNs interfere
with EGFP::Dpp dispersal.
Since we observed that the majority of EGFP::Dpp potentially disperses within the
basolateral DP epithelium, we wanted to create a tool that can specifically interfere
with EGFP::Dpp dispersal in this area. For this purpose, we created the basolateral-
trap (BL-trap), a SBN that localizes exclusively to the basolateral compartment of
wing disc cells (Fig.26A). BL-trap consists of a fusion between the vhhGFP4 nanobody
to the extracellular domain of the transmembrane protein Nrv1 and mCherry (for
details on the cloning see 7.2). Nrv1 is a subunit of the Na+/K+ ATPase [216, 217],
and was choosen because is localizes to the basolateral compartment, even when
expressed ectopically in the wing disc [218, 219].
For specifically interfering with dispersal along the apical surface or within the
wing disc lumen, we created a SBN that localizes preferentially to the apical com-
partment of the wing disc (referred to as Apical-trap). Our Apical-trap preferential,
but not exclusively localizes to the apical surface of epithelial cells (Fig.26B). Furst we
used the transmembrane protein Transcript 48 (T48) as a backbone for Apical trap,
since T48 was shown to localize to the apical membrane when expressed in Drosophila
embryos [211]. However, a fusion protein between vhhGFP4, T48 and mCherry did
not result in specific apical localization (data not shown). In order to improve apical
localization, we introduced the minimal localization domain of Bazooka (Baz) [212],
a component of the apical protein complex, into the Apical-trap construct. The addi-
tion of the Baz apical-localiaztion domain resulted in improved apical localization of
Apical-trap. However, we could only observe a preferential, not an exclusive, apical
localization of Apical-trap (Fig.26B, arrows).
Finally, to address the importance of EGFP::Dpp dispersal along or within the
basal lamina, we designed an ECM-trap, that localizes to the BL of the wing disc. For
this we inserted the vhhGFP4 and the mCherry fragments into the coding sequence
of Viking, a type IV collagen [220, 213]. Expressed in the larval fat body (using
r4::Gal4 ), ECM-trap is secreted into the hemolymph, distributes in the larvae and
is incorporated into the ECM of the wing disc’s BL (Fig.26C). These three novel
morphotraps will allow to specifically interfere with EGFP::Dpp gradient formation
in the apical, basal and basolateral compartments.
8.3 Fractional block of Dpp spreading using SBNs
In a next step we wanted to understand, if the different SBNs capture EGFP::Dpp
only in the desired subcellular compartment. We therefore expressed EGFP::Dpp in
its central stripe source (dpp::LexA) and the different SBNs either in the posterior
compartment if membraneous or in the case of ECM-trap in fat body cells (using
hh::Gal4 or r4::Gal4, respectively). In a control condition, where no SBN is expressed,
EGFP::Dpp is secreted from central source cells and spreads to form concentration
gradients in the target tissue; no EGFP::Dpp accumulation is observed either luminal
or in the plane of the epithelium (Fig.27A).
In a next step we expressed morphotrap in the posterior compartment (hh::Gal4 ).
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Figure 27: Restricting basolateral EGFP::Dpp spreading using SBNs
Sections of wing discs that expressing EGFP::Dpp (green) in the central stripe source
(dpp:LexA) and a SBN (red) either in the posterior compartment (hh::Gal4, B-D) or in
the fat body (r4::Gal4, E). The position of the cell junctions is visualized by staining for Dlg
(blue). The site of EGFP::Dpp immobilization and hence the impairment of the dispersal
range depends on the localization of the capturing construct (the SBNs). A, In control
discs only expressing EGFP::Dpp , no apical or basolateral accumulation is observed, hence
dispersal is normal. B, When morphotrap is expressed in posterior cells, strong EGFP::Dpp
accumulation is observed basolateral and apical in DP (asterisk, right) and PPM (arrow,
right) cells. C, BL-trap immobilizes EGFP::Dpp only along the basolateral compartment,
not apically. D, Posterior expression of Apical-trap results in accumulation of EGFP::Dpp
along the apical surface of DP and PPM cells, but also along the basolateral surface (due
to construct mislocalization). E, ECM-trap expressed in the fat body localizes to the BL,
where high amounts of EGFP::Dpp are immobilized direct below the stripe source and graded
laterally (right, bottom).
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As shown above, morphotrap localizes unbiased around the epithelial DP cells, and
hence should be able to restrict apical and basolateral EGFP::Dpp dispersal. Indeed,
when we express morphotrap in posterior cells, we observe strong accumulation of
EGFP::Dpp along the basolateral side of the wing disc epithelium, as observed in
clones. We also observe low EGFP::Dpp accumulation along the apical surface of
morphotrap expressing cells in the DP (asterisk in Fig.27B, right). Furthermore,
since the hh::Gal4 driver line is as well expressed in posterior PPM cells, we observe
strong accumulation of EGFP::Dpp in the PPM cells that overlay the Dpp stripe
source (arrow in Fig.27B, right). These findings support our previous observation,
that low amounts of EGFP::Dpp are secreted apically and disperse freely within the
luminal cavity.
In accordance, when we expressed BL-trap in posterior cells, we only observed
accumulation and reduction of EGFP::Dpp spreading in the basolateral compartment
(Fig.27C). Importantly, no apical accumulation was observed, neither along the apical
surface of DP cells or in the PPM cells overlaying the DP source. These findings
support (1) the exclusive basolateral localization of BL-trap and (2) that therefore
BL-trap solely affects basolateral dispersal of EGFP::Dpp.
In a next step, we expressed Apical-trap in the posterior compartment to interfere
with the dispersal of the apical fraction of EGFP::Dpp. However, posterior expression
of Apical-trap did not result in EGFP::Dpp accumulation exclusively along the apical
surface of expressing cells (see arrow in Fig.27D, right), but also resulted in extensive
immobilization along the basolateral compartment (see asterisk in Fig.27D, right).
Therefore, is seems that even low amounts of mislocalized SBN (as observed above,
see Fig.26B) can result in extensive accumulation of EGFP::Dpp by the non-apical
localized fraction of the SBN. Based on this observation, we conclude that Apical-trap
is not suitable to specifically reduce apical morphogen dispersal and hence we will not
make use of this construct in the following.
In a last setup, we tested if ECM-trap, expressed in the fat body and localized
to the BL of the wing disc, can immobilize EGFP::Dpp that is secreted along the
basal surface of producing cells and disperses within the BL. Indeed, we find that
ECM-trap immobilizes maximum levels of EGFP::Dpp right below the Dpp source
and decreasing levels with laterally increasing distance to the source (Fig.27E). This
observation suggests that a big fraction of EGFP::Dpp is (1) secreted along the basal
surface of source cells and (2) that a certain fraction of EGFP::Dpp dispersing within
the plane of the DP epithelium leaves the DP epithelium dispersing towards or within
the BL. It will be of interest to further investigate if EGFP::Dpp leaving the DP
epithelium finally contributions to wing disc growth and patterning or is lost for wing
disc development.
In summary,we have shown that a novel tool-set of differentially localized SBNs
can interfere with EGFP::Dpp gradient formation in specific subcellular localizations,
and hence will allow us in the following to investigate and understand the function of
the different EGFP::Dpp fractions for wing disc development.
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8.4 Posterior block of basolateral Dpp dispersal strongly im-
pairs patterning and growth
In a next step, we wanted to investigate the role of the basolateral EGFP::Dpp
gradient on patterning and growth of the wing disc. For this we compared Dpp
signalling (patterning) and pouch size (growth) in wing discs with normal or re-
duced Dpp spreading (Fig.28). First we compared dppd8/d12 wing discs expressing
EGFP::Dpp in the central stripe (normal spreading) with dppd8/d12 wing discs ex-
pressing EGFP::Dpp in the stripe and morphotrap in the posterior compartment
(hh::Gal4, posterior spreading reduced) (Fig.28A-B). Morphotrap localizes to the
basolateral and apical surface of posterior cells and therefore affects apical and basolat-
eral EGFP::Dpp spreading, as shown before (Fig.27B and [215]). As expected, upon
reducing EGFP::Dpp dispersal into the posterior compartment, the range of the
posterior p-Mad gradient is strongly restricted. Moreover, posterior reduction of
EGFP::Dpp spreading by morphotrap also results in a significant reduction of pos-
terior wing pouch size, as marked by Distal-less (Dll) expression (Fig.28E-G). These
results show that morphotrap indeed can interfere with the fraction of the EGFP::Dpp
gradient required for patterning and growth control.
In a next step, we specifically reduced dispersal in the basolateral compartment
by posterior expression of BL-trap (Fig.28C). Strikingly, reduction of basolateral dis-
persal of EGFP::Dpp into the posterior compartment had similar effects on pattern-
ing (compare graphs in 28B and C) and growth (Fig.28E,H) as blocking apical and
basolateral dispersal by morphotrap. These results show that EGFP::Dpp dispersing
along the basolateral compartment is required for wing disc patterning and growth.
In order to understand what role basally secreted and dispersing EGFP::Dpp plays,
we expressed ECM-trap in the fat body of dppd8/d12 flies rescued by EGFP::Dpp.
ECM-trap localizes to the BL of the wing disc and immobilizes basolaterally secreted
and dispersing EGFP::Dpp as shown before (see Fig.27E). When restricting basal
EGFP::Dpp dispersal, peak p-Mad signalling levels were reduced especially in the
centre of the disc, and the overall p-Mad range and the posterior pouch area were
reduced (Fig.28D-E,I). These findings show that EGFP::Dpp secreted along the basal
surface is required for proper adjustment of p-Mad signalling levels and is also influ-
encing pouch size control, although to a lesser extend than the lateral fraction.
The Dpp gradient and p-Mad signalling profiled were shown to expand propor-
tionally to the expanding tissue size during growth [126, 164], a phenomenon called
scaling. The concept of scaling suggests that a certain read-out “scales”, if the read-
outs concentration profiles keep its relative shape during individual development and
between individuals of a population. In order to understand role of lateral and basal
EGFP::Dpp spreading for the scaling of Dpp signalling output, represented by p-Mad,
we plotted the obtained p-Mad concentration profiles normalized to tissue size along
the x-axis (Fig.29). In the case that scaling is not affected, the normalized p-Mad
profiles should collapse onto each other. In contrast, in a situation when scaling is
disrupted, e.g. by complete block of EGFP::Dpp spreading by morphotrap (Fig.29A),
the average p-Mad profiles differ in their relative shape. In a situation where only
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Figure 28: p-Mad range and wing pouch size is strongly impaired when blocking
basolateral Dpp spreading
A-D, 98-100h old Wing discs stained for p-Mad of of dppd8/d12 flies rescued by EGFP::Dpp
(A), dppd8/d12 flies rescued by EGFP::Dpp expressing either morphotrap (B) or BL-trap
(C) in the posterior compartment (hh::Gal4 ) and dppd8/d12 flies rescued by EGFP::Dpp
expressing ECM-trap in the fat body (D, r4::Gal4 ). Average p-Mad concentration profiles
of control (black) and the respective nanobody condition (red) are shown to the right (98-
100h, measured 30%D). The reduction in area under the graph is given relative to the control
profile (n > 5). E, Quantification of posterior wing pouch area as shown by dotted orange
lines in (F-I) (n > 9). F-I, 98-100h old wing discs of the genotypes indicated parallel in
(A-D), stained for the wing pouch marked Dll. The region of the posterior wing pouch is
marked by a dotted orange line.
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basolateral spreading is affected (Fig.29B), we observe a similar effect on scaling as
observed when completely blocking EGFP::Dpp spreading by morphotrap. This ob-
servation suggests that the basolateral EGFP::Dpp gradient is crucial for scaling of
the Dpp signalling profile. However, reducing basal dispersal via ECM-trap (Fig.29C)
did only mildly affect the scaling of the Dpp signalling profile. In the ECM-trap con-
dition, p-Mad levels in the central part were reduced, but overall scaling, especially
in the lateral regions was unaffected. Therefore these results suggest that the lateral
portion of the EGFP::Dpp gradient is required for the scaling of the Dpp signalling
profile, while short range basal spreading of EGFP::Dpp seem to be required for
central peak p-Mad levels.
In summary, we have shown that basolateral EGFP::Dpp dispersal is required for
patterning and growth control of the wing disc. The results obtained when sequen-
tially blocking dispersal of Dpp gradient subfractions suggest that EGFP::Dpp dis-
persal within the epithelial/lateral plane of the wing disc is of critical importance for
patterning, scaling and growth control of the wing disc. Moreover, our data suggests
that EGFP::Dpp secreted along the basal surface of producing cells or EGFP::Dpp
leaving the DP epithelium to disperse within the BL layer is not lost for wing disc
development, but is required for adjusting maximum p-Mad levels and proper disc
size.
8.5 Ongoing approaches to block apical Dpp dispersal
Since the function of the apical fraction of EGFP::Dpp remains unkown, it is import-
ant to develop a setup that allows the modification of apical/luminal EGFP::Dpp
dispersal. Considering that our first approach, using apical-trap, was unsuccessful
Figure 29: Reducing lateral, not basal dispersal disrupts scaling of Dpp sig-
nalling
Average posterior p-Mad profiles from Fig.28 B-C plotted normalized to tissue size
along the x-axis. Proflies of controls, dppd8/d12 wing discs expressing EGFP::Dpp
in the stripe, are shown in black. Conditions in which apical and basolateral (A,
morphotrap), basolateral (B, bL-trap) or basal (C, ECM-trap) dispersal were reduced
by SBN expression are plotted in red. Profiles were extracted from 98-100h old wing
discs with 30% offset in the dorsal compartment.
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Figure 30: Peripodial expression of morphotrap does not disturb disc develop-
ment
A, Section of a dppd8/d12 mutant wing disc rescued with EGFP::Dpp (green), expressing
morphotrap (red) in the PPM controlled by AGir::Gal4 [209], stained for the junctional
marked Dlg (blue). B-C, Representative 98-100h old wing discs stained for P-Mad (white)
and Wg/Ptc (blue) of dppd8/d12mutants rescued by EGFP::Dpp (B) and dppd8/d12mutants
rescued by EGFP::Dpp expressing morphotrap in the PPM (C). The anterior (A) and pos-
terior (A) pouch area was defined by the Wg/Ptc pattern and is marked by dotted orange
lines. D, Average posterior p-Mad concentration profiles of control (black, n=6) flies and
flies expressing morphotrap in the PPM (red, n=5). E, Anterior and posterior pouch area,
as marked in (B-C) of control (grey, n=6) and morphotrap (red, n=6) flies.
in specifically modifying apical EGFP::Dpp dispersal, we had to develop an altern-
ative approach to interfere with the apical fraction of EGFP::Dpp. We therefore
expressed morphotrap in PPM cells (using AGir::Gal4, Fig.30A). Similar to expres-
sion of morphotrap in the posterior compartment, expression of morphotrap in PPM
cells resulted in immobilization and accumulation of EGFP::Dpp in the PPM cells
that cover the Dpp source (Fig.30, middle). Interfering with apical dispersal by
PPM expression of morphotrap showed no significant effect neither on Dpp signalling
(Fig.30B-D) nor on wing disc growth control (Fig.30E). Further investigations are
needed to clarify if EGFP::Dpp dispersal in the lumen is truly dispensable for pat-
terning and growth control, or if PPM expression of morphotrap cannot modify the
functional apical fraction of EGFP::Dpp.
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8.6 Adult wing phenotypes support the importance of lateral
Dpp spreading for patterning
In order to better understand the role of different subfractions of the EGFP::Dpp
gradient for patterning and growth, we studied the adult wing phenotypes upon gradi-
ent disruption. dppd8/d12 mutant flies rescued by the expression of EGFP::Dpp have
troubles to emerge from the pupal case. However, low numbers of animals succeed
in hatching and unfold their wings, allowing us to study the effect of SBN-mediated
morphogen trapping on wing development.
Expression of EGFP::Dpp in dppd8/d12 mutant flies results in a rescue of the
dppd8/d12 mutant phenotype to a reasonable extend (Fig.31A-B and [215]). Rescued
flies show normal wing shape and the wing veins are located properly. The only
caveat is, that for unknown reasons, longitudinal vein 4 does not form completely
and is shorter than in wild type flies. We have shown before, that co-expression of
morphotrap and EGFP::Dpp in the central stripe source results in a drastic reduction
of wing blade area (Fig.31C and [215]). Strikingly, co-expression of EGFP::Dpp and
BL-trap in the dppd8/d12 mutant background results in wings that are much bigger
than the ones obtained from EGFP::Dpp and morphotrap co-expression (Fig.31D).
Interestingly, EGFP::Dpp and BL-trap co-expression wings have a well defined wing
margin, however patterning is affected since the number of longitudinal veins (LV)
is reduced from five to three. It is well known that Dpp signalling is required for
positioning of LV 2 in the anterior and LV 5 in the posterior compartment, while vein
Figure 31: Co-expression of BL-trap and EGFP::Dpp results in a loss of pat-
terning but not growth
A, Wing of a dppd8/d12 mutant fly rescued by EGFP::Dpp expression. LVs 2-5 are marked by
arrowheads. B, Wing structures developed by dppd8/d12 mutant flies. C, Wing of dppd8/d12
mutant flies rescued by EGFP::Dpp, co-expressing morphotrap in the EGFP::Dpp source
stripe. D, Wings of dppd8/d12 mutant flies rescued by EGFP::Dpp, co-expressing BL-trap in
the EGFP::Dpp source stripe. All images are show at the same magnification, scale bar is
shown in (A).
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LV3 and LV4 are positioned independent of Dpp. Therefore, we hypothesise that the
loss of basolateral Dpp signalling causes the loss of LV2 and LV5. Despite blocking
basolateral EGFP::Dpp spreading, wing growth is not completely disrupted as ob-
served in the morphotrap condition. This finding suggests that in the EGFP::Dpp
BL-trap co-expression condition, a functional subfraction of the EGFP::Dpp gradi-
ent, potentially the apical one, forms and promotes the growth of the wing pouch. In
summary these findings suggests that (1) basolateral EGFP::Dpp spreading is crucial
to execute the patterning function of Dpp, but also that (2) proper growth control
requires the input from basolateral and apical EGFP::Dpp.
Moreover, the adult wing phenotypes from posterior compartment and fat body
expression of SBNs highlight that the lateral fraction is responsible for the patterning
function of the Dpp gradient, while the apical/luminal and basal fractions seem to
be involved in growth control. Before, we have shown that expression of morphotrap
in the PPM cells can immobilize luminal EGFP::Dpp, however has no effect on pat-
terning and growth (see Fig.30). In accordance, the wings of dppd8/d12 mutant flies
rescued by EGFP::Dpp and expressing morphotrap in the PPM cells do not show a
patterning or growth defect (Fig.32A-B). Also wings of dppd8/d12 mutant flies rescued
by EGFP::Dpp and expressing ECM-trap in the fat body cells form wings with all 5
LVs (Fig.32C). However, all of these wings (n=5) show mild to strong reduction in
wing blade size (compare Fig.32C left and right). Posterior expression of morphotrap
(Fig.32D) and BL-trap (Fig.32E) in dppd8/d12 mutant flies rescued by EGFP::Dpp,
in both cases, resulted in a loss of LV5 and a consistent strong reduction in wing
blade area. Consistent with the morphotrap/BL-trap EGFP::Dpp co-expression wing
phenotypes, wings of flies expressing BL-trap in the posterior compartment are big-
ger than the ones expressing morphotrap (compare Fig.32D and E). In summary,
these results suggest that indeed lateral EGFP::Dpp spreading is crucial for Dpp-
mediated patterning, since LV5 is only affected in conditions where lateral dispersal
of EGFP::Dpp was affected. Moreover, we find evidence that the size of the wing
blade is controlled by the basolateral and apical EGFP::Dpp gradients. Further ex-
periments and proper quantification will help to understand the respective impact of
the apical and basolateral fraction of EGFP::Dpp on wing growth control.
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Figure 32: The lateral Dpp gradient instructs the patterning of the wing disc
A, Wing of a dppd8/d12 mutant fly rescued by EGFP::Dpp expression. B, Wing of a dppd8/d12
mutant fly rescued by EGFP::Dpp, expressing morphotrap in the PPM. LV5 is properly
defined (arrowhead) and wing blade size is simmilar to control wings. The shape of the
control wing shown in (A) is marked by a dotted black line. C, Wing of a dppd8/d12 mutant
fly rescued by EGFP::Dpp, expressing ECM-trap in the fat body (r4::Gal4 ). Reducing basal
EGFP::Dpp dispersal does not affect patterning (LV5 is present) but results in reduced wing
blade size. D, Wing of dppd8/d12 mutant flies rescued by EGFP::Dpp, expressing morphotrap
in the posterior compartment (hh::Gal4 ). LV5 is lost (see arrows) and wing blade size is
strongly reduced. E, Wings of dppd8/d12 mutant flies rescued by EGFP::Dpp, expressing BL-
trap in posterior cells. Also here, LV5 is affected, however wing blade area is less strongly
reduced than in (D). All images are show at the same magnification, scale bar is shown in
(A).
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8.7 The Dpp receptor Tkv localizes basolateral and can be
mislocalized using SBNs
The data shown before suggests that the basolateral pool of Dpp is of high importance
for patterning and growth control of the wing disc. Since we aim to understand the role
of morphogen dispersal and perception along the apicobasal axis, we also investigated
the subcellular localization of the Dpp type I receptor Tkv. For this purpose we used
a Tkv-YFP protein-trap line [210] that carries a Yellow fluorescent protein (YFP)-
cassette flanked by splice acceptor sites at the endogenous tkv locus, such that the
YFP is include in the mature Tkv protein.
The Tkv-YFP protein-trap line recapitulates the expected Tkv expression profile
along the A-P axis, with low central Tkv levels and gradually increasing levels towards
the lateral edges of the disc (Fig.33A). Interestingly, when we investigate the subcelllar
Figure 33: Tkv localizes to the basolateral compartment and can be mislocalized
by SBNs
A, TkvYFP (green) protein levels along the A-P axis. B, Cross-section of a TkvYFP
heterozygous wing disc stained for Dlg. The marked regions are enlarged to the right.
The level of the junctions, marked by Dlg (blue), is drawn with a dotted orange line.
No YFP signal is observed above the junctions, also not in the lateral region where
TkvYFP levels are highest. C, Cross-section of a TkvYFP heterozygous wing disc
expressing BL-trap (red) in the posterior compartment (hh::Gal4 ) stained for Dlg.
BL-trap expression results in stabilization of TkvYFP along the basolateral compart-
ment. D, Cross-section of a TkvYFP heterozygous wing disc expressing Apical-trap
(red) in the posterior compartment (hh::Gal4 ) stained for Dlg. Apical-trap partially
mislocalizes TkvYFP to the apical surface of DP cells (arrow).
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localization of Tkv-YFP, we find that it localizes to the basolateral compartment of the
wing disc exclusively, with no visual apical fraction (Fig.33B). Basolateral localization
of the BMP-II receptors was also observed in mammalian cell culture [221].
In order to better understand the role of polarized receptor localization, we wanted
to test if SBNs are potential tools to mislocalize transmembrane proteins, such as
Tkv-YFP, along the apicobasal axis. Since Tkv-YFP carries the YFP-tag in the ex-
tracellular domain, YFP might be accessible to the vhhGFP4 domain of the SBNs.
To test if the SBNs can interact with Tkv-YFP, we first expressed BL-trap in the
posterior compartment (hh:Gal4 ) of Tkv-YFP heterozygous flies (Fig.33C). Expres-
sion of BL-trap resulted in increased YFP signal along the basolateral side of the
posterior compartment. Interestingly, expression of Apical-trap in posterior cells of
Tkv-YFP heterozygous flies resulted in a partial mislocalization of Tkv-YFP to the
apical compartment (Fig.33D). These findings suggest that SBNs can interact with
GFP/YFP-tagged transmembrane proteins and induce a localization bias along the
apicobasal axis. Therefore SBNs are potential tools to disturb protein localization
along the apicobasal axis and investigate the function of proteins with polarized loc-
alization. It will be interesting to see if future experiments using SBNs can help to
understanding the role of basolateral Tkv localization.
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9 Discussion and Outlook
Here we studied the subcellular localization of EGFP::Dpp gradient formation in the
Drosophila wing imaginal disc using SBNs. We find that the EGFP::Dpp gradient
consists of two fractions of different concentrations, a small apical/luminal one and a
large basolateral one. In order to investigate the respective contributions to pattering
and growth of these two fractions, we created and characterized SBNs that localize
to specific subcellular regions along the apicobasal axis of the wing disc. SBNs allow
us to reduce or block the dispersal of specific gradient subfractions and assess their
contribution to wing development. We find evidence that the pattering function of
the Dpp gradient is executed by Dpp dispersing in the lateral plane of the wing disc
epithelium. In contrast, we find that the growth of the wing disc is influenced by
EGFP::Dpp spreading in the lateral plane, as well as in the disc lumen and in the
BL.
We find evidence that patterning strictly depends on the formation of the lateral
EGFP::Dpp gradient within the epithelial plane. This conclusion is based on three
findings: (1) The co-expression of EGFP::Dpp and BL-trap results in the loss of two
LVs, presumably LVs 2 and 5 which are positioned by Dpp. (2) Reducing basolateral
spreading in the posterior compartment by BL-trap results in a loss of LV 5. And
(3) the block of basal EGFP::Dpp spreading using ECM-trap does not affect the
positioning of the LVs and hence the patterning. However, there are two caveats we did
not yet investigate, but that will be addressed in further experimental setups. First,
we have not shown that BL-trap indeed completely blocks the release of basolateral
EGFP::Dpp from source cells. And second, we cannot say if EGFP::Dpp is still
secreted along the apical surface when BL-trap is expressed in source cells. These
points can be investigated by co-expression of EGFP::Dpp and BL-trap in source cells
and expression of morphotrap in clones (analogous to what we have done before to
investigate the efficiency of morphotrap [215]). In such a situation, morphotrap clones
should not accumulate EGFP::Dpp along their basolateral surface, but exclusively
trap EGFP:Dpp on their lumen facing apical surface.
In striking contrast to patterning, we obtained evidence, that growth of the wing
pouch and the adult wing blade is controlled by both, the apical and basolateral
fractions of EGFP::Dpp. This suggestion is mainly based on the finding that the co-
expression of EGFP::Dpp with BL-trap results in significantly increased wing blade
area compared to morphotrap expression (Fig.31C and D). While in the morphotrap
co-expression condition, the release of basolateral and apical EGFP::Dpp is blocked,
co-expression of EGFP::Dpp with BL-trap should not interfere with the apical fraction
of EGFP::Dpp. These results suggest that the increase in wing blade area observed,
might be due to a growth promoting function of apical/luminal EGFP::Dpp. However,
this hypothesis is not supported by the observations (1) that PPM expression of
morphotrap does not affect wing disc growth and (2) that the Dpp receptors localize
to the basolateral side of the DP epithelium. For this reason, it will be crucial to test
if PPM expression of morphotrap effectively blocks luminal EGFP::Dpp dispersal. To
do so, the same approach suggested as for BL-trap can be used. PPM expression of
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morphotrap and additional expression of morphotrap in clones can be used to ask
if PPM expression of morphotrap affects the apical accumulation of EGFP::Dpp in
DP cells. If this is not the case, other setups to specifically target apical EGFP::Dpp
dispersal will need to be established. Alternative approaches include the co-expression
of Apical-trap in Dpp source cells and optimization of Apical-trap localization, e.g.
by using other scaffold-proteins. Zona pellucida proteins for example are well known
transmembrane proteins that localize to the apical cell surface [222] and therefore are
potential scaffold alternatives.
Another contradictory finding is that the Dpp type-I receptor Tkv localizes to
the basolateral compartment. In addition to Tkv, also the type-II receptor Punt
was observed to localize to the basolateral compartment (personal communication
with I. Alborelli). This raises the question, how an apical fraction of Dpp could
be sensed by DP cells. One possibility is that Tkv and Punt mainly reside along the
basolateral surface, and apically localized Tkv and Punt is re-internalized at fast rates.
Experiments in which endocytosis is blocked in clones (e.g. shibire mutant clones [83])
should provide evidence, if Tkv and Punt accumulate along the apical surface of such
clones. Another explanation could be that apical EGFP::Dpp is transcytosed to the
basal surface in a glypican-dependent manner, as it was suggested for Wg [186]. In
support of this hypothesis, the glypicals Dally and Dlp both are enriched along the
apical surface of DP cells (personal communication with I. Alborelli and S. Matsuda).
Further investigations are needed to understand the role of receptor localization for
Dpp spreading and perception.
One of our major findings is that Dpp spreading is not restricted to a single subcel-
lular environment, but that different pools of Dpp disperse in different environments
and potentially by different mechanisms. We find that morphotrap expression in
the posterior compartment results in high EGFP::Dpp accumulation in PPM cells,
but very low accumulation along the apical surface of DP cells located adjacent to
the source. These findings clearly suggests that Dpp disperses in the lumen via free
diffusion, since restricted diffusion and transport along cytonemes should take place
along the apical surface and hence not result in high PPM accumulation. In con-
trast, the EGFP::Dpp accumulation pattern in the ECM-trap experiments suggest
that low amounts of EGFP::Dpp leave the DP epithelium to disperse within the BL,
an observation not consistent with transport along basal cytonemes (as observed in
Fig.25).
In summary, our observations suggest that the majority of EGFP::Dpp disperses
within the lateral plane of the wing disc epithelium. Moreover, we have shown that
the lateral fraction of EGFP::Dpp carries the patterning function of the Dpp gradi-
ent. Especially for the patterning process morphogen levels have to be measured and
interpreted precisely by target cells. In addition, it seems that robust gradient form-
ation and scaling is the foundation for proper appendage development. Therefore, we
tempt to speculate that dispersal within the epithelial plane is a necessity to allow
robust gradient formation, since the dispersal properties are precisely controlled by
adjusting cell shape, receptors and interaction partner levels.
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with permission from Elsevier.
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A B S T R A C T
Bone morphogenetic proteins (BMPs) act as morphogens to control patterning and growth in a variety of
developing tissues in different species. How BMP morphogen gradients are established and interpreted in
the target tissues has been extensively studied in Drosophila melanogaster. In Drosophila, Decapentaplegic
(Dpp), a homologue of vertebrate BMP2/4, acts as a morphogen to control dorsal–ventral patterning of
the early embryo and anterior–posterior patterning and growth of the wing imaginal disc. Despite
intensive efforts over the last twenty years, how the Dpp morphogen gradient in the wing imaginal disc
forms remains controversial, while gradient formation in the early embryo is well understood. In this
review, we ﬁrst focus on the current models of Dpp morphogen gradient formation in these two tissues,
and then discuss new strategies using genome engineering and nanobodies to tackle open questions.
ã 2015 Elsevier Ltd. All rights reserved.
1. Introduction
Morphogens are secreted molecules controlling the patterning
of tissues and organs in a concentration-dependent manner. From
their region of production (the source), morphogens form
concentration gradients into the adjacent target tissue. Cells in
the target tissue acquire positional information by reading the
local morphogen concentration (or other morphogen parameters),
and regulate target gene expression according to thresholds [1].
Thereby, morphogens can subdivide tissues into deﬁned sub-
domains with distinct cell fates (French ﬂag model) [2].
Bone morphogenetic proteins (BMPs) belong to one of the best-
studied family of morphogens. In Drosophila, there are three BMP-
type ligands, Decapentaplegic (Dpp), Screw (Scw), and Glass
bottom boat (Gbb) [3–5]. Dpp is the Drosophila homolog of
vertebrate BMP2/4, Gbb is the homolog of BMP5/6/7/8, and Scw is a
distant relative of the BMP5/6/7/8 subclass, with no clear
vertebrate ortholog. BMP-type ligands act as homo- or hetero-
dimers and bind to type I receptors Thickveins (Tkv) and
Saxophone (Sax). Dpp preferentially binds to Tkv, while Gbb
preferentially signals via binding to Sax [6]. Upon Dpp binding, the
Type II receptor Punt phosphorylates and thereby activates Tkv.
Mothers against dpp (Mad) is then phosphorylated by Tkv, and the
phosphorylated Mad (pMad) translocates to the nucleus together
with the Smad4 homolog Medea, and regulates expression of
target genes [7–9].
Among the three BMP-type ligands, mutants lacking Dpp show
the most dramatic phenotype affecting all ﬁfteen imaginal discs of
the Drosophila larvae [10]. Importantly, Dpp represents the ﬁrst
validated secreted morphogen [11–13]. An important criteria
showing that Dpp indeed acts as a bona ﬁde morphogen was that a
constitutively active form of the Dpp receptor Tkv acts cell
autonomously, while the Dpp ligand acts through its receptors Tkv
and Punt on surrounding cells in a non-cell autonomous manner.
This excluded the possibility that long-range action of Dpp was
mediated via a relay mechanism that involves secondary signals
downstream of BMP signaling, and showed that Dpp acted directly
at the level of its receptors in distant cells [12].
Since there is no good Dpp antibody, the Dpp morphogen
gradient has been visualized by overexpression of tagged Dpp or
genomic tagged Dpp capable to rescue to some degree the mutant
phenotype [14–17]. The mechanisms of gradient formation have
been intensively studied using these tools, especially in dorsal–
ventral patterning of the early embryo and in anterior–posterior
patterning of the larval wing imaginal disc. Although Dpp acts as a
morphogen in both tissues, the shape and the timescale of the
activity of the morphogen gradient differ largely. For example,
during embryonic development, dpp is uniformly expressed at the
dorsal side of the embryo and a sharp morphogen gradient is
established within the dpp expression domain in 30–40 min [18].
In contrast, in the larval wing disc, dpp is expressed in a stripe of
anterior cells at the anterior–posterior compartment boundary. A
shallow Dpp morphogen gradient is established in the adjacent
target tissue, outside the dpp expression domain, during much of
the four days of larval development. Furthermore, while cells in the
embryonic target ﬁeld do not proliferate during Dpp gradient* Corresponding author.
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formation, the cells in the wing disc are highly proliferative,
leading to a continuous increase of the size of the target tissue.
In line with these differences, past studies have indeed shown
that different molecular mechanisms operate to establish the Dpp
morphogen gradient in the embryo and in the wing imaginal disc.
While the Dpp morphogen gradient is established by an active
transport mechanism in the embryo [18], several models have
been proposed for Dpp dispersal in the wing imaginal disc. In this
review, we summarize the current understanding on how the Dpp
morphogen gradient is established in these two developmental
processes, and discuss new approaches, which might allow to
better study morphogen dispersal and its effects on patterning and
growth of the wing imaginal disc.
2. Dpp morphogen gradient formation in the embryo
In the early Drosophila embryo, Dpp is uniformly expressed in
the dorsal side of the embryo. At the early blastoderm stage, Dpp
signaling is uniform and low along the dorsal side. During
cellularization, a sharp Dpp signaling proﬁle becomes evident at
the dorsal midline of the embryo (Fig. 1A). High levels of Dpp
signaling in the dorsal midline region specify the extraembryonic
amnioserosa, while lower levels of Dpp signaling in the more
lateral cells specify the dorsal ectoderm (Fig. 1C) [11,19].
Two studies successfully visualized the Dpp morphogen
gradient in the early embryo [16,17]. Shimmi et al . utilized a
genomic construct containing all Dpp coding exons fused to three
HA-tags under the control of an embryonic enhancer that can
rescue the embryonic lethality of dpp mutants. Using available
anti-HA antibodies, this approach revealed that Dpp-HA is initially
uniformly distributed along the dorsal surface of the early
blastoderm embryo, and subsequently accumulates at the dorsal
midline during cellularization, when pMad levels also rise (Fig. 1B).
In another study, Wang and Ferguson injected an anti-GFP
antibody into the perivitelline space in order to detect the
extracellular fraction of GFP-tagged Dpp (GFP-Dpp). Although
GFP-Dpp was ectopically expressed under the control of the even-
skipped stripe 2 (eve-st2) enhancer, Dpp was redistributed to the
dorsal midline (Fig. 1B). This observation suggests that Dpp is
redistributed by an active transport mechanism.
Dpp morphogen gradient formation in the embryo depends on
the extracellular proteins Short gastrulation (Sog), Twisted
gastrulation (Tsg), Tolloid (Tld), and Screw (Scw) [5,20–22].
Biochemical studies revealed the molecular function of these
Fig. 1. (A) Uniform Dpp expression along the dorsal side of the early embryo and a sharp pMad gradient at the dorsal midline (images from [16]). (B) Dpp-HA and GFP-Dpp
accumulation in the dorsal midline of the embryo (images from [16,17]). Schematic view of the embryo showing dpp expression (light blue) and accumulation (blue). (C)
Schematic cross-section of the early embryo. Dpp acts as a morphogen to specify the extraembryonic amnioserosa and the dorsal ectoderm. (D) A proposed active Dpp
transport model. Dpp/Scw heterodimers bind to Sog/Tsg, this complex cannot bind to the receptor but is transported toward the dorsal midline promoted by the graded
ventral–dorsal Sog concentration. Dpp/Scw heterodimers are released at the dorsal midline by Tld-mediated Sog processing.
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proteins; Sog and Tsg are BMP inhibitors that prevent Dpp binding
to its receptor [22], while Tld is a metalloprotease that processes
Sog [23]. Sog, Tsg, and Tld are evolutionarily conserved [24–28].
How do these players regulate the formation of the Dpp
morphogen gradient? Sog is produced in the ventral–lateral
regions of the embryo and forms a concentration gradient towards
the dorsal side [29]. Based on the biochemical function of Sog as a
BMP inhibitor, it was suggested that Sog could be involved in
generating the inverse dorsal–ventral Dpp activity gradient via its
repressive function. However, this model only provided an
explanation for the lateral reﬁnement of decreasing Dpp signaling
level, but failed to account for the intensiﬁcation of Dpp signaling
at the dorsal midline. Interestingly, the pMad signaling gradient
fails to intensify at the dorsal midline in sog and tsg mutants,
accompanied by a loss of amnioserosa markers [20,22]. These
observations could not be explained by a purely inhibitory action of
Sog. Thus, how the increase of BMP signaling required for dorsal
midline development could be brought about by the BMP
inhibitors Sog and Tsg remained an open question. A model
explaining this paradoxical situation suggested that Sog and Tsg
not only act as inhibitors but can also shuttle BMP-type ligands
towards the dorsal midline [30] (Fig. 1D). In line with this proposal,
long-range enhancement of BMP signaling by Sog has indeed been
reported [31–33].
The active transport mechanism was directly tested by
visualization of Dpp redistribution in the early embryo [16,17].
These studies revealed that Dpp is indeed redistributed toward the
dorsal midline and that this redistribution requires Sog and Tsg.
Collectively, these data suggest that Sog and Tsg form a complex
together with Dpp, and that this complex is shuttled toward the
dorsal midline. The direction of Dpp transport is determined by
high ventral–lateral expression of Sog [29]. To activate Dpp
signaling at the dorsal midline, Dpp needs to be released by the
metalloprotease Tolloid (Tld), which mediates Sog processing
[21,23].
Another BMP type ligand Scw is also involved in the dorsal–
ventral patterning of the embryo [5]. In contrast to Dpp
homodimers, Scw homodimers have a very weak signaling activity
in vitro . For a long time, it was not clear how these two BMP-type
ligands with different signaling activity contributed to the dorsal–
ventral patterning of the early embryo. Interestingly, biochemical
studies showed that Dpp and Scw form heterodimers and that
Dpp/Scw heterodimers show a higher signaling activity than Dpp
homodimers. Furthermore, Dpp/Scw heterodimers interact with
Sog/Tsg and induce Tld-mediated Sog processing more effectively
than Dpp homodimer in vitro [16]. Thus it is likely that Dpp/Scw
heterodimers are the primary ligands transported by Sog/Tsg,
while Dpp homodimers mainly contribute to the short-range
signal in the dorsal–lateral region of the embryo. Consistent with
this interpretation, the dorsal accumulation of Dpp was lost in scw
mutants [16,17]. The critical role of BMP heterodimeric ligands in
the establishment of BMP gradients was also proposed in the
vertebrate embryo [34,35].
In addition to the active extracellular Dpp transport mecha-
nism, a positive feedback mechanism through yet unknown
transcriptional targets was found to be involved in Dpp gradient
formation in the early embryo [17]. Injecting mRNA encoding the
constitutively active form of Tkv (but not the injection of wild type
Tkv mRNA) results in accumulation of GFP-Dpp at the site of
injection in embryos expressing GFP-Dpp under the control of the
even-skipped stripe 2 (eve-st2) enhancer. Furthermore, Dpp
redistribution toward the dorsal midline was lost in medea
mutants. These observations indicate that Dpp signaling promotes
interaction between Dpp and Tkv through unknown downstream
target genes. A similar positive feedback mechanism was also
proposed for wing vein speciﬁcation in the pupal wing [36]. Recent
Fig. 2. (A) Wild type adult Drosophila wing. Wing veins (L2–L5) are patterned along the anterior–posterior axis. (B) Schematic view of the wing imaginal disc. dpp is expressed
at the border of the anterior–posterior boundary (green). The future wing vein positions are speciﬁed along the anterior–posterior axis in the wing pouch (pink). (C) The Dpp
morphogen gradient visualized by overexpression of GFP-Dpp by dpp-Gal4 (dpp > GFP-Dpp), its activity gradient (pMad), and downstream gene expression of Dpp targets
(brk,sal and omb).
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studies indeed identiﬁed Dpp target genes required for enhanced
Dpp signaling [37,38]. The Drosophila tumor necrosis factor a
homolog Eiger (Egr) promotes Dpp signaling through the Jun N-
terminal kinase (JNK) pathway. However, it remains unclear how
the JNK pathway promotes enhanced Dpp signaling and whether it
is involved in the positive feedback mechanism, which promotes
Dpp–Tkv interaction in the early embryo [38]. It has also been
shown recently that integrin signaling promotes Dpp signaling and
that an a-integrin subunit is a Dpp target gene [37]. It will be
interesting to test if Dpp–Tkv interaction is affected in these
mutants.
All the components required for Dpp transport in the early
ﬂy embryo, i.e., Sog, Tsg, and Tld, are evolutionarily conserved
[24–28], and active transport mechanism for BMP-type ligands are
also involved in dorsal-ventral patterning of early embryos of other
species such as Xenopus and Tribolium ([39,40], reviewed in [41]).
Furthermore, an active Dpp transport mechanism is also used in
other Drosophila tissues, e.g., in the pupal wing during speciﬁcation
of the posterior crossvein, where Dpp is transported from the
longitudinal veins to the posterior crossvein territory by Sog and
the Tsg paralog Crossveinless and released by Tolloid-related (Tlr)
[36,42,43].
Heparan sulfate proteoglycans (HSPGs) play a critical role in
morphogen gradient formation in a variety of contexts. In
Drosophila, for example, the HSPGs dally and dally-like are critical
for Dpp morphogen gradient formation in the wing imaginal disc
[44–47]. However, the function of HSPGs seems to be inverse in the
embryo as compared to the wing (see below), since heparin
inhibits Dpp signaling during dorsal–ventral patterning of the
embryo. In the early embryo, HSPGs are suppressed by delayed
translation of mRNAs encoding enzymes essential for HSPG
synthesis, thus facilitating BMP transport at this developmental
stage [48]. The critical role of ECM proteins of the type IV Collagen,
Vkg and Cg25c, has recently been reported in Dpp morphogen
gradient formation in the embryo. Dpp binds to Type IV collagens
and Type IV collagens are required for Dpp gradient formation, for
Dpp signaling activity, and thereby also for target gene expression
[49]. Biochemical data suggest that Collagen IV acts as a scaffold to
assemble the Dpp/Scw/Sog/Tsg complex, which is critical for Dpp
gradient formation [50].Collagen IV has been shown to have an
additional function to potentiate Dpp signaling. Collagen IV binds
its receptor integrin, thereby activating integrin signaling which is
necessary for the dorsal peak of Dpp signaling in the embryo
through interaction with Tkv [37].
3. Dpp morphogen gradient formation in the wing imaginal
disc
In the wing imaginal disc, Dpp is expressed in a stripe of
anterior cells adjacent to the anterior–posterior compartment
boundary (Fig. 2). From this source, Dpp forms concentration
gradients into both the anterior and the posterior compartment,
controlling a number of aspects of patterning and growth of the
wing imaginal disc, particularly in the wing pouch. Visualization of
the BMP activity gradient using an antibody speciﬁc for pMad
revealed that Dpp signaling is relatively weak in the Dpp source
cells but high adjacent to it and then graded towards the peripheral
region of the wing pouch [51]. Dpp signaling activity inhibits the
expression of the transcriptional repressor Brinker (Brk), resulting
in a gradient of Brk inverse in shape to the Dpp activity gradient
[52,53]. The relative levels of Dpp signaling and Brk are translated
into the nested expression patterns of target genes such as
daugthers against dpp (dad), spalt (sal), and optomotor blind (omb)
[7,54–56] (Fig. 2C). A consequence of the Dpp/Brk-mediated
patterning is the positioning of wing vein 2 (L2), which is induced
at the border of sal expression in the anterior compartment, and
wing vein 5 (L5), which is induced at the posterior border of omb
and brk expression (Fig. 2) [7,57,58]. BMP signaling was also shown
to be important for regulating the growth of the wing imaginal
disc, in particular the wing pouch. dpp mutants lacking the
enhancer required for dpp expression in the imaginal disc show
signiﬁcantly reduced adult wing size [10,59], while ectopic
Fig. 3. Schematic representation of Dpp dispersal mechanisms in the wing disc. For simplicity the dispersal mechanisms are depicted along the apical surface of the wing disc,
however Dpp dispersal could also take place along the basal surface or within the wing disc epithelium. (A) Free diffusion model. Dpp dispersals via free diffusion in the
extracellular space. (B) Restricted diffusion model. Dpp dispersal requires interaction of Dpp with HSPGs. (C) Transcytosis model. Dpp dispersal requires repeated endocytosis
and exocytosis. (D) Cytoneme model. Dpp dispersal requires actin-based ﬁbers to connect Dpp producing cells to receiving cells.
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activation of Dpp signaling induces overgrowth of the imaginal
disc [60–62]. In addition, the hox gene Ultrabithorax (Ubx) was
shown to control differences in organ size between the wing
imaginal disc and the haltere disc in part through differential
regulation of Dpp transcription and Dpp mobility [63].
The Dpp morphogen gradient has been visualized via the
expression of a GFP-tagged Dpp fusion protein [14,15] that can
partially rescue the growth and patterning defects of dpp disc
mutants (Fig. 2C). GFP-Dpp forms steep gradients along the
anterior–posterior axis when expressed in the centrally located
stripe source. Using GFP-Dpp fusion proteins and characterizing
their properties in different genetic backgrounds, a variety of
mechanisms have been proposed to be involved in establishing the
morphogen gradient. The current models involve (1) diffusion-
based mechanisms (free or restricted diffusion) and (2) active
transport mechanisms (transcytosis or cytonemes) (Fig. 3).
3.1. Free diffusion model
The simplest mechanism, which could account for the
formation of a morphogen gradient, is free extracellular diffusion
and receptor-mediated degradation (Fig. 3A). In such a case, the
diffusion coefﬁcient of morphogen dispersal should be in the range
of a similarly sized molecule diffusing in water (50–100 mm2s1).
However, the diffusion coefﬁcient of GFP-Dpp measured by
ﬂuorescence recovery after photobleaching (FRAP) assays was
measured to be two orders of magnitude lower than expected for
free diffusion (0.1 0.05 mm2s1) [64], arguing against a free
diffusion model.
However, and in support of free diffusion, a recent study argued
that the slow recovery of GFP-Dpp observed in FRAP experiments
does not necessarily arise from a slow diffusion process. In a
scenario, in which only a small amount of morphogen is mobile
and disperses via fast free diffusion, coupled with slow immobili-
zation (e.g., via receptor or ECM binding) and/or slow degradation
of the ligand, the GFP-Dpp recovery observed by FRAP would be
governed by the later, slower processes [65]. Therefore, the FRAP
kinetics yield little information about ligand transport; it might
thus be difﬁcult to distinguish between slow and fast diffusing
molecules by using FRAP analyses. To directly measure the
diffusion coefﬁcient of GFP-Dpp in vivo, single molecules of Dpp
were directly followed by ﬂuorescence correlation spectroscopy
(FCS) and by pair correlation function (pCF) microscopy. These
measurements revealed that 65% of the Dpp ligands diffuse rapidly
(D = 21 3 mm2s1 for DppDendra2, D = 10  1 mm2s1 for Dpp-
GFP), and 35% of ligands diffuse slowly (D = 0.03  0.006 mm2s1
for DppDendra2, D = 0.08  0.01 mm2s1 for DppGFP). The fast
diffusion coefﬁcient is consistent with free diffusion, and the slow
diffusion coefﬁcient is consistent with Dpp bound to receptors or
glypicans [65]. It remains to be tested whether the fast diffusing
fraction of Dpp indeed plays a critical role in the formation of the
Dpp gradient, and what the role of the slow diffusing fraction is.
3.2. Restricted diffusion model
The restricted diffusion model postulates that extracellular
diffusion of a morphogen is hindered by the geometry of cell
packing (tortuosity) and and/or by transient interactions with
receptors or ECM proteins [66] (Fig. 3B). In the case of Dpp, it has
been proposed that Tkv impedes Dpp dispersal through receptor-
mediated uptake and degradation [51,67]. Dpp was also shown to
bind to the HSPGs dally and dally-like, which are required for Dpp
morphogen gradient formation [44–47,68,69]. Dpp cannot accu-
mulate and activate Dpp signaling behind dally, dlp double mutant
clones, consistent with a role of HSPGs in Dpp transport. However,
it remains unclear whether HSPGs are indeed required for Dpp
transport and/or for Dpp stabilization downstream of the diffusion
processes. To distinguish this, it would be important to know
whether Dpp can disperse but fails to signal or whether Dpp
dispersal itself is impaired in the absence of dally and dlp.
3.3. Transcytosis model
Transport via transcytosis, involving repeated receptor-medi-
ated endocytosis and subsequent exocytosis of the ligand, has also
been proposed as a mechanism by which Dpp disperses in the wing
imaginal disc tissue [15,64,70,71] (Fig. 3C). This model is based on
the observation that Dpp cannot accumulate across clones mutant
for shibire (shi), which encodes a Dynamin GTPase required for
endocytosis [15]. However, theoretical and experimental evidence
challenging the transcytosis model has been reported [65,72,73].
Theoretically, Lander et al. showed that accumulation of the Dpp
receptor Tkv in endocytosis defective cells can inhibit extracellular
Dpp diffusion and cause the observed defect in Dpp dispersal
behind shi mutant clones [72]. Experimentally, extracellular
staining of GFP-Dpp showed that Dpp was able to accumulate
over shi mutant clones, and that Dpp signaling was unaffected
behind shi single mutant or tkv, brk double mutant clones [69,73].
3.4. Cytoneme model
Other studies on the wing imaginal disc have proposed that Dpp
is directly transported to the target cells along actin-based
ﬁlopodia, called cytonemes (Fig. 3D). Cytonemes extend from
the apical surface of Dpp responding cells and directly contact Dpp
producing cells [74–78]. It remains unknown whether formation of
the Dpp morphogen gradient depends on cytonemes, but a link
between cytonemes and Dpp signaling has been reported. First,
apical cytonemes were found to be oriented towards the anterior–
posterior compartment boundary, where Dpp is produced. The
direct contact of Dpp producing cells and responding cells was
more recently shown by the GRASP technique, although it is not
clear where the contact is formed along the apical-basal axis [78].
Second, Dpp is required for and sufﬁcient to extend and maintain
cytonemes. Third, Tkv moves along apical cytonemes [75].
Although the functional impact of cytonemes on Dpp morphogen
gradient formation in the wing disc remains to be addressed, a
recent study showed that cells in the air sac primordium, which is
associated with the wing imaginal disc, extend basal cytonemes
towards Dpp producing cells in the wing disc proper, and Dpp
transport was observed along these cytonemes [78]. Importantly,
factors required for cytoneme formation were identiﬁed. diapha-
nous (dia) and neuroglian (nrg) are required for cytoneme
formation and capricious (caps) is required for contact formation
of air sac cytonemes with Dpp producing cells. Loss of function of
these factors in the air sac primordium affects Dpp signaling, thus
showing a functional link between cytonemes and Dpp signaling. It
would be interesting to test whether these factors are also critical
for the apical cytonemes formed by the epithelial cells of the wing
imaginal disc, and, if yes, whether these cytonemes are required for
Dpp morphogen gradient formation and/or readout. Although
difﬁcult to visualize, recent studies were able to visualize
cytonemes required for Hh dispersal more robustly by expressing
factors stabilizing cytonemes [79]. This strategy may help to
visualize and analyze the role of cytonemes in Dpp transport.
4. Novel approaches to study morphogen gradient formation
Despite intensive studies over the last twenty years, it remains
unclear how the Dpp morphogen gradient is established and
regulates patterning and growth of the wing imaginal disc. In order
to differentiate between some of the proposed mechanisms, new
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approaches that speciﬁcally modify deﬁned properties of the Dpp
morphogen gradient or components proposed to be involved in
Dpp dispersal are desirable.
4.1. Nanobodies: emerging new tools to study morphogen function
Engineered single-domain antibodies derived from Camelid
heavy chain antibodies, so called nanobodies, have emerged as
potential tools to manipulate protein function in vivo . Due to their
single domain nature, they can easily be “functionalized” by fusing
them to a protein domain with a speciﬁc function, and expressed in
cells ([80,81]; reviewed in [82,83]). For example, an anti-GFP
nanobody fused to a subunit of the ubiquitination machinery was
shown to speciﬁcally degrade GFP-tagged proteins [81].
Recently, a nanobody-based morphogen trapping system called
morphotrap was developed. Morphotrap consists of a GFP nano-
body fused to the extracellular domain of the mouse
CD8 transmembrane protein (Fig. 4A) [84]. Morphotrap was
implemented as a Gal4-responsive transgene; therefore, the
temporal and spatial expression pattern can be controlled by
the combination of morphotrap with various Gal4 lines. In the
wing disc, morphotrap can successfully retain secreted EGFP::Dpp
on the cell surface of the source cells or in the target tissue via
binding of GFP-Dpp to the GFP nanobody.
Using morphotrap, two models proposing how Dpp controls the
growth of the wing disc were tested. The growth-equalization
model (GEM) suggests that the role of Dpp is to remove the growth
suppressor Brk from the medial region of the disc to allow growth,
and that cells in the lateral region grow independent of Dpp
signaling [85,86]. In contrast, according to the temporal rule model
(TRM), all the cells in the wing disc integrate Dpp signaling levels
over time and divide when Dpp signaling increased by roughly 50%
[87]. Thus Dpp has an instructive role on growth in the TRM, while
it acts permissive and only locally according to the GEM. A key
experimental setup to discriminate between these two modes of
Dpp action is to block Dpp dispersal into the target tissue to
prevent a temporal increase in Dpp signaling. This was achieved by
the expression of morphotrap in the Dpp source stripe of dpp
mutant wing discs rescued by a GFP-Dpp transgene. Under these
conditions, Dpp signaling was only observed in source cells and in
the cells adjacent to and contacting source cells (Fig. 4B).
Accordingly, the expression domains of Dpp target genes collapsed
onto the source region and the adjacent cells, clearly demonstrat-
ing that Dpp dispersal is indispensable for the patterning function
of Dpp. In contrast, while cell proliferation in the medial region of
the wing disc (in particular in the wing pouch area) was affected,
lateral cells continued to proliferate at normal levels. Thus, the
lateral region of the wing disc can grow in the absence of Dpp, and
thus independently of Dpp spreading. These results are inconsis-
tent with an instructive role of Dpp for the proliferation control of
the entire wing disc, as proposed in the TRM, but are in line with
the GEM, in which Dpp acts preferentially in medial cells.
4.2. Genome engineering
Another approach to study morphogen function is to apply
emerging genome engineering methods to manipulate gene
function at the endogenous locus. Using the CRISPR technique,
the dpp coding region was successfully ﬂanked with FRT sites [88].
This allows excision of the corresponding fragment from the
genome, thereby allowing to select the time point, at which the dpp
gene is inactivated, as well as the cells, in which inactivation is
achieved (Fig. 4C). As expected, removing Dpp from the stripe of
cells at the anterior–posterior compartment boundary severely
affected patterning. However, and rather surprisingly, this removal
had almost no effect on growth. In contrast, growth was affected
when Dpp was removed from the whole anterior compartment but
not upon removal from the posterior compartment (Fig. 4D). These
results appear to indicate that Dpp from the stripe regulates
patterning, and a not-yet characterized source of Dpp in the
Fig. 4. (A) Schematic representation of morphotrap. The anti-GFP nanobody presented along the cell surface can immobilize EGFP::Dpp or other GFP-fusion proteins. (B)
EGFP::Dpp morphogen levels (green) and Dpp signaling levels (pink) decrease with increasing distance from the morphogen source (green bar). When morphotrap is
expressed in Dpp source cells (red bar), EGFP::Dpp is immobilized on source cells, hence gradient formation blocked. Only source cells and adjacent cells experience Dpp
signaling. (C) Schematic representation of the inducible conditional null allele. The ﬁrst coding exon of dpp is ﬂanked by FRT sites. Flipase activity results in excision of the FRT-
ﬂanked exon and a null allele. (D) Overview over resulting patterning and growth phenotypes obtained, when FRT recombination is induced in the red marked regions of the
wing disc.
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anterior compartment regulates growth of the wing imaginal disc.
It is not clear how Dpp from different sources would be sensed by
the target tissue in order to control distinct functions. In addition,
Dpp expression in anterior cells distinct from the source has not
been described yet. Clearly, further experiments are needed to
better understand and interpret these recent observations.
5. Conclusions and future perspectives
While the active transport mechanism for Dpp morphogen
gradient formation in the dorsal–ventral patterning of the early
embryo is supported by a wealth of experimental evidence and is
well accepted by current investigators [18], formation of the Dpp
gradient in the wing imaginal disc remains controversial and
highly debated. Fundamentally different mechanisms have been
proposed, ranging from diffusion mechanisms (free diffusion or
restricted diffusion) to active transport mechanisms (transcytosis
or cytonemes) (see [66,89] for a more detailed discussion of these
models.)
Due to the lack of good antibodies to detect Dpp in Drosophila
tissue, the Dpp gradient has been visualized and quantiﬁed by the
expression of GFP tagged Dpp. However, overexpression of the
GFP-Dpp fusion protein might result in artifacts and non-
physiological gradients. It should be also noted that GFP was
inserted after the ﬁnal Furin processing site in one study [14], but
was inserted between two Furin processing sites in another study
[15]. Thus GFP-Dpp derived from the latter study may be cleaved
from the mature Dpp ligand, and therefore the GFP signal may not
exclusively reﬂect Dpp behavior. This may be one reason why
different models for gradient formation and growth control have
been proposed.
It is possible that several mechanisms contribute to Dpp
morphogen gradient formation. In this case, ﬁguring out to which
extent each mechanism contributes to the Dpp spreading will be a
major challenge in the future. To tackle this issue, two major
approaches of high potential are currently emerging: visualization
and modiﬁcation of the endogenous Dpp morphogen gradient.
Recent advances in genome engineering such as the availability
of CRISPR technology already allowed the generation of an
inducible null allele of Dpp [88]. Further applications of this
approach might allow tagging Dpp at the endogenous locus.
Tagging of Dpp with a ﬂuorescent protein, such as GFP, would allow
visualizing endogenous Dpp distribution, either by antibody
staining or by live imaging. Furthermore, such an endogenous
GFP-Dpp morphogen gradient could be manipulated by morpho-
trap. If a small tag is preferred to avoid changing the physical
properties of the morphogen, the gradient may be manipulated by
a single chain antibody against such a tag. In addition, using
antibodies against the tag might allow characterizing (and
manipulating) the intrinsic property of the Dpp morphogen
gradient, such as production, dispersal, and degradation, under
more physiologically relevant conditions.
The power of endogenous protein modiﬁcation has recently
been demonstrated by the group of J.P. Vincent. Alexandre et al.
succeeded in modifying another morphogen, Wingless (Wg), at its
endogenous locus, such that all Wg is tethered to the cell surface of
Wg producing cells [90]. This approach demonstrated that long-
range spreading of Wg is dispensable for patterning and, to some
extent, also for growth of the ﬂy wing. Furthermore, this approach
allowed to express tethered Wg in speciﬁc tissues only, in order to
sort out the role of long range signal of Wg derived from different
sources on tissue growth and patterning. Tethering of all the
endogenous Dpp to the surface of producing cells would most
likely results in embryonic lethality, but the generation of
conditional alleles might circumvent this problem.
Manipulation of endogenous morphogen dispersal by nano-
bodies or protein binders represents an alternative approach to the
generation of conditional null alleles or conditionally membrane
tethered versions of the morphogen, since morphotrap expression
can be tightly controlled in a spatial-temporal manner. It is worth
noting that generation of conditional null alleles or switching
alleles via Flp mediated recombination depends on mRNA and
protein stability itself. In contrast, nanobodies or other protein
binders allow direct manipulation at the protein level, and thus
these methods do not depend on mRNA and protein stability but
become effective as soon as the modiﬁers are expressed. In the
future, several variations of morphotrap are possible. By combining
the GFP nanobody with a protein that localizes to speciﬁc
subcellular compartments of the plasma membrane, e.g., the
apical or the basolateral surface, the subcellular localization of
morphotrap can be controlled. Such tools would allow dissecting
the function of sub-fractions of the endogenous Dpp or Wg
gradient along the apico-basal axis. Nanobodies localized to the ER
might retain the morphogen in the ER, thereby blocking secretion
and signaling also in source cells.
Nanobody-based approaches or approaches based on other
protein binders [91], in combination with CRISPR-based genome
engineering techniques, will allow direct manipulation of Dpp
secretion, dispersal, and degradation, the characteristic features of
morphogen gradients. This will allow testing the impact of each
parameter on patterning and on growth. Importantly, this
approach does not depend on the identiﬁcation and modiﬁcation
of genes required for setting each parameter, but allows to directly
modify the parameter itself. In addition, in order to get a more
complete view of morphogen dispersal and function, it will be
important to compare the results obtained from direct manipula-
tion of the Dpp morphogen gradient with previously reported
results obtained in various mutant backgrounds. Combining the
new approaches with the increasing possibilities of genetic
manipulations in Drosophila might allow a comprehensive
understanding of how morphogen gradients are established and
control patterning and growth of developing tissues.
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10.2 List of Abbreviations
α Anti
aa Amino acid
Ab Antibody
AE Activator element
A/P Anterior/posterior
Ap Apterous
AEL After egg laying
Bl Blistered
BL Basal lamina
BMP Bone morphogenetic protein
Brk Brinker
CDR Complementarity determining region
Ci Cubitus interruptus
Co-Smad Common-mediator Smad
CRE-DOG Cre-recombinase dependent on GFP
CyO “Curly of Oster”
Dad Daughters against dpp
Daw Dawdle
deGradFP degrade Green Fluorescent Protein
Dll Distal-less
Dll Distal-less
D/V Dorsal/ventral
Dpp Decapentaplegic
ECM Extracellular matrix
EGF Epidemal growth factor
EGFP enhanced GFP
En Engrailed
FGF Fibroblast growth factor
Gbb Glas bottom boat
GDF Growth and differentiation factor
GEM Growth Equalization Model
GFP Green fluorescent protein
gp Guinea pig
HA Hemagglutinin
HCAb Heavy chains antibody
Hh Hedgehog
I-Smad Inhibitory-Smad
LV Longitudinal vein
Mad Mothers against dpp
Mav Maverick
mCh mCherry
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MCS Multiple cloning site
Myo Myoglianin
Nrv1 Nervana 1
p-Mad Phospho-Mothers against Dpp
Ptc Patched (receptor of Hh)
Put Punt
RNAi RNA interference
r-Smad Receptor-Smad
RT Room temperature
Sax Saxophone
SBN Scaffold-bound nanobody
Scw Screw
s.d. Standard deviation
SE Silencer element
Shn Schnurri
T48 Transcript 48
TA Transcriptional activator
T-DDOG Transcription device dependent on GFP
TGF Transforming growth factor
Tkv Thickveins
TRM Temporal Rule Model
UAS Upstream activation sequence
Vg Vestigal
VH Variable heavy chain
VHH Variable heavy chain of heavy chain-only antibodies
Vkg Viking
VL Variable light chain
Wg Wingless
Wnt Wingless-related integration site
YFP Yellow fluorescent protein
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